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Preface

HE transportation complex of the United States is

an essential cornerstone of our way of life. This sprawl-
ing multimodal complex provides us with the mobility of
people and goods which is essential for a modern indus-
trialized society. Our nation’s highway network is the
major element in this total complex and accounts for over
90 percent of our intercity passenger movements and 20
percent of the ton-miles of goods movements.1

While the need may exist for a more balanced system of
total transportation. especially in our congested urban
areas, the fact remains that the highway systemis, and
will continue to be in the foreseeable future, the prime
means of transportation of people in the United States.
Contributing reasons for this fact are the relatively free
choice of route and time of departure, the door-to-door
convenience without switching transportation modes. and
the relatively minimal direct cost per trip. It is obvious,
however, that the safety and efficiency of the present high-
way system can and must be improved. Probably no one
appreciates the overall problems and shortcomings more
than the highway planners, engineers, and administrators
who are directly involved with the highway system. Much
has been accomplished; the interstate system which is
run- over 65 percent complete has brought a major de-
crease in highway travel time between major cities while
a the same time achieving a 45-percent reductionin fatali-
ties in 1968 from 5.5 fatalities per 100 million vehicle
miles on all classes of roadway to 3.0 fatalities per 100
million vehicle miles on the interstate sysems. Similarly,
standardized signing, improved traffic flow strategy

1W. W. Seifert, “Transportation development-1 national chal-
lenge,” presented to the Committee on Science and Astronautics,
U. S. House of Representatives, Ninety-First Congress, First Session,
February 5, 1969.
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in urban networks, improved vehicle detection and signali-
zation, and the upgrading of the safety characteristics of
existing road systems are other continuing improvements.
But the fact still remains that we must continue to seek
improved utilization of the existing highway system. This
is especially evident when one considers that the size of
the present network, consisting of 3.7 million miles of
roadway, has remained essentially unchanged since World
War Il and will not be significantly increased in future
years. Y et it is projected that the use of the highway sys-
tem will increase from today’s over one trillion vehicle
miles to 1.5 trillion vehicle miles by 1985, an increase of
43 percent in 15 years. Compounding this potentialy in-
creasing congestion is the fact that a large percentage of
the increase will be in urban areas which are aready the
most congested and where socioeconomic factors make it
most difficult to construct additional roads. For example,
about 70 percent of today’s population lives in urban areas,
and by 1985 this figure is expected to increase to atnost
50 percent.

To restate the ever-pressing requirements. new and
better techniques of improving the efficiency and safety
of the existing system must be developed. A prime ele-
ment in this improvement will be the use of electronics as
developed and applied to traffic advisory, command, con-
trol, surveillance, and communications system-. To high-
light, this rapidly expanding area of technology this
special issue on highway electronic systems has been pre-
pared. The papers have been written for a wide audience-
ranging from the electronics design engineer, who may be
unfamiliar with this subject area but is quite familiar
with the general electronics field, to the practicing highway
engineer, nho is well aware of the overall problems or
needs but is less familiar with the state of the art of
electronics technology.



PREFACE

This specia issue is not intended to be a thorough and
exhaustive treatment of all areas of highway electronic
systems; rather. it provides an overview of the state of
the art. Introductory comments by Secretary of Trans-
portation J. A. Volpeand Federal Highway Administrator
F. C. Turner are followed by special-interest |ead-off
articles on the history of traffic control devices and the role
of the Highway Research Board. Subsequent articles are
presented in the subject areas of vehicle detection, com-
munications, specifictraffic systems, motorist aid sys
tems, and possible future systems and techniques now
under development. Finally, an article on the possible
role of electronics provides a summary while pointing to
the areas of future developments. No attempt has been
made to seek a common philosophy or viewpoint among
the individual authors; hence, differences of opinion or
approach may exist in certain subjects and systems. This
is indicative. however, of the lack of firm well-established
specifications, Also, the majority of articles are aimed at
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providing a broad perspective, and many have been written
from the standpoint of quasi-technical surveys of a sub-
ject area rather than fundamental research findings or
highly technical expositions.

In conclusion, | believe you will find this special issue
unique in providing an overview of the state of the
art of highway electronic systems. | trust it will spark
your interest and perhaps, as a result, bring about your
own personal involvement in this challenging field.

Finally, this issue would not be complete without
acknowledging and thanking those who made it possible.
Certainly, many thanks go to the authors of the papers
you are about to read and to the reviewers for their
diligent’ and sometimes thankless task, to the Editorial
Review Board for this special issue, and last but not least,
to my secretary for the many clerical details involved
in such an undertaking.

——LYyLE saxTon Guest Editor

Lyle Saxton (S 55-M’ 62) was born in Vici, Okla, on March 16, 1936. He received the B.SE.E.
degree from the University of Oklahoma, Norman, in 1959.

He joined the Astro Electronics Division, Radio Corporation of America, where he was engaged
in image sensor design and development for spacecraft. In 1966 he joined the Goddard Space
Flight Center, National Aeronautics and Space Administration, and was engaged in the advanced
mission system design of the Earth Resources Technology Satellite. In 1968 he joined the Office
of Research and Development, Traffic Systems Division, Bureau of Public Roads, Federal High-
way Administration, Washington, D. C., and is Leader of the Systems Technology and Integration

Mr. Saxton is a memher of Tau Beta Pi, Eta KappaNu, the Highway Research Board, Commit-
tee on Communications and Secretary of the Subcommittee on Communications, American Associ-
ation of State Highway Officials.



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, FEBRUARY 1970

Highway Electronic Systems

HE mission and role of the Department of Transporta-

tion is to develop and coordinate an effective national
transportation system which will serve the needs and the
interests of all parts of the country as well as all srgments
of the economy.

In carrying out this mission, the Department has estab-
lished broad goalsand objectives in the following general
areas :

Safety: to minimize the loss of human life, property,
and human suffering through injury from transporta-
tion-related accidets.

Economic efficiency of transportation to provide a mix
of transportation alternatives which will produce maxi-
mum benefits in safety, service, convenience, comfort,
capacity, and speed for a given cost.

Optimal use of environmental resources: to increase the
benefits derived from preserving and enhancing the
environmental, aesthetic, and social functions of trans-
portation.

Support of other national interests: to promote effec-
tively al objectives of the Federa Government whenever
they are affected by transportation.

These goals and objectives are intended to be a genera
policy around which the operating activities of the De-
partment plan their programs and direct their research
and development. In particular, they relate to the complex
problems involved in operating thr nation’s highway
system within the framework of today’s environment. All
of this calls for a major portion of our effort to be directed
to the circumstances that annualy take the lives of more
than 55 000 of our citizens, while simultaneously seeking
ways in which to optimize the efficiency of our highway
system through the use of applied technology. These

measures must include new concepts and developments in
the field of electronics.

In establishing the Department of Transportation,
Congress directed it not only to encourage the cooperation
of government agencies, carriers, and other interested
parties, but to stimulate technological advances in trans-
portation. This special issue, in itself, is exemplary of
such cooperation. It highlights the state of the art in high-
way electronics, and it indicates the promise that is in-
herent in this technology for making significant contri-
butions toward realizing safe and efficient operation of
the country’s complex highway system.

— Jonun A. Voure, Secretary of Transportation



HIGHWAY ELECTRONIC SYSTEMS

HIS special issue deals not only with integrated elec-

tronic systems but with the technology that is re-
quired to achieve successful operation. To place some of
the 1969 dimensions of the highway system in the United
States in proper focus, we note the following figures:

3.7 million miles of roads and streets

amost 10.5 million registered motor vehicles

1 trillion 60 billion vehicle miles of travel in a year
56 000 highway fatalities in ayear

14 million vehicle crashes in a year.

Present trends indicate that by 1985, there will be 144
million motor vehicles driven 1.3 trillion miles each year
by some 265 million Americans. This vast number of cars

will be traveling that staggering total of mileage over
essentially the same number of miles of road that exist
today. If traffic fatalities were to continue at no increase
over present rates, we could project more than 82 000
deaths on the highways in 1985.

With this situation as a frame of reference, how can
electronics technology be utilized to operate the highway
system more effectively and thereby reverse the trend in
this projection of increased congestion and accident-re-
lated deaths and injuries?

Although electronics technology is a relatively untapped
resource, electronic systems are already employed in
such functional areas as highway surveillance, roadside
communications. traffic control, and emergency services.
Experiments are underway in merging, passing, route-
guidance systems, and vehicle locator systems. In addition
to research directed at the federa level, our state grant-
in-aid programs under the Highway Safety Art have
generated significant activity at the local level in com-
munications, data processing, and traffic-control systems.

Electronics represents highly challenging areas of
interest in which the federal, state, and professional com-
munities can contribute as partners. There is much work
to be done in al of these areas, including the exploration
of new concepts which are yet to be perceived.

The tremendous achievements of the Apollo Space
Program have demonstrated the performance capability
and the high reliability that can be attained with elec-
tronics. If this technology is applied to the highway en-
vironment, a tremendous payoff in improved traffic
efficiency and safety is assured. Let us not wait for an-
other decade before doing something about the develop-
ment’ of applied highway electronic-control systems. The
time to determine our future is now.

— F. C. TURNER, Federal Highway Administrator
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Aspects of the History of Traffic Signals

EDWARD A.MUELLER

Abstract-The history of traffic signals is traced from the signal
fires which guided early man to the sophisticated electromechanical
signal devices of today. Early experiments with officer-operated
semaphores, lanterns, and electric lights are discussed. The in-
fluence of railroad signaling is noted, as are the innovative efforts
of inventors who saw the problems of congestion and hazard de-
veloping to the point where control measures were essential. De-
scriptions of several devices show the imagination of early prac-
titioners, and one may reflect with some humor on what might
have been developed for use today. Some of the earliest attempts
at automatic control even made use of the policeman3 whistle,
blown by a small compressor, while later efforts included clanging
bells as a substitute. The extent to which some of these quite
primitive devices survived in actual use into the post-World War
Il era is remarkable; devices unique to an area often hung on, long
beyond the time when they were made obsolete by newer devices.
Credit is given to several pioneers in the field, along with appropriate
references to the few who have contributed to preservation of parts
of the history of this interesting subject.

HE USE OF traffic-control devices certainly began

before the dawn of recorded history and we know, as
amatter of written fact, that the ancient Roman road
builders used milestones (a form of traffic-control device)
on their roads to provide directions for travelers. The
cliche that "all roads lead to Rome" was indeed true and
roads were even marked accordingly. The Forum in Rome
had a milestone, made in gold, which served as the
origination point for the calculation of al mileages. We
also know that. in Roman days, one-way street move-
ment was resorted to. and, in ancient Pompeii. chariot
parking wasrestricted to tavern yards.

Bridging the years rapidly. it is known that, during
colonial days in the United States, a similar type of
marking distanceson post roads was employed. When
Benjamin Franklin was an officid in the posta service,
he ussda form of cyclometer mounted in a horse-drawn
chaise, as a measure of mileage to insure that milestones
were inddled at correct distances from each other. When
the first turnpikes or toll roads were built in these early
days, directional signs for the travelers were required as
a condition of building and running those roads [1].

Insofar as traffic signals per se are concerned, the first
signal lighting could be ascribed to use of camp fires and
of flaming brands by prehistoric man to guide returning
fishermen to their tribes. There are historical references to
regularly maintained signal lights on towers that go back
2600 years. The most, famous of these early structures,
and probably the tallest tower ever to house a signal
light. wes the Pharos of Alexandria, Egypt. Built about

Manuscript received May 19, 1969.
The author is with the Highway Research Board, Washington,
D. C,

230 B. C,, this structure towered some 400 feet into the
air. It outlasted two civilizations and survived the Roman
Empire by nine centuries. This marine lighthouse was
truly awonder of the world in its day.

With regard to land transportation, one must look at
railroads, where signal lighting was first well established.
As early as 1857, lanterns which were hung from a cross-
bar gave railroad men a block signal visible by night as
well as by day. By 190.5 the block signals were mostly
semaphores with colored discs transmitting the light of
oil lamps at night [2]. Insofar as control or direction of
street traffic by colored lights is concerned Great Britain
probably first saw what wenow think of as traffic signals.

A native of Bradford, England, who wasa mill laborer,
well over a hundred years ago seems to have had the
idea of controlling trafficby means of colored lights. He
constructed a control device using oil lamps which were
alternately revedled and concealed by means of a shutter.
Like many another great earnest inventor, both before
and after his time, he sought to inform government official-
dom about his ingenious device and what it would do.
Public officials remained convinced, however. that police-
men should control traffic, and the disappointed inventor
trudged back to his mill in Bradford to dwell in obscurity.

It remained for a firm of railway signal manufacturers
to successfully build the world's first traffic signal using
colored lights in response to anl866 suggestion by a
Select Committee of London that recommended adoption
of raillway signal gearto street traffic. In mid-December,
1868, a “handsome" semaphore signal was installed at
the intersection of George and Bridge Streets near the
Houses of Parliament for the purpose of safeguarding
Members of Parliament who had to negotiate the busy
traffic streams. This semaphore was 22 fret high and had
a hydra-headed appearance as a surviving drawing indi-
cates (Fig. 1). Crowned with a gas light for visibility,
the semaphore arms when extended in a horizontal posi-
tion meant “stop." When lowered to a “droopy” 45
angle the message was “ caution.” At night a green light
was employed with the "caution" position and a red
light w ith the "stop" position.

Richard Mayne, London Police Commissioner, set forth
the meaning of the semaphore by a proclamation.

By the signd “caution”, al personsin charge of vehicles and
horses are warned to pass over the crossing with care and due
regard to the safety of font passengers. The signal “stop” will
only be displayed when it is necessary that vehicles and horses
shall he actualy stopped on each side of the crossing, to allow
the passage of persons on foot; notice being thus given to all
persons in charge of vehicles and horses to stop clear of the
crossing.
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Fig. 1. “Handsome” hydra-headed semaphore (f 1868 installed to
safeguard members of Parliament. It was crowned with gas light;
arms extended horizontally meant ‘Stop,” arms at 45 degree
angle meant "caution."

The entire idea of the signa was to give protection to
pedestrians. Until this time, people were dependent on
policemen’'s hand signals and, according to a newspaper
rrport of the day, they were “often avery inadequate
defense against accidents."

Staid Londoners came in such numbers to view the
contribution to their safety that the police had difficulty
in controlling the crowds. Enterprising street vendors set
up nearby stalls and sold snacks and drinks to the sight-
seers. Police approved of the semaphore, and the in-
ventors were in high hopes of future business throughout
London and other British cities;. Officials came from the
United States and the Continent to view it.

However, the injury of two policement while operating
the semaphore and the death of a third due to a gas ex-
plosion brought the matter of the signal up for debate.
(The gaswas from anearby main and had filtered through
into the hollow semaphore pole. When the policeman
tried to light the lamps the explosion occurred.)

In March, 1869, the question of "w hether the structure
culled a semaphore . . . was conducive to the safety of
the public” was brought up in the House of Commons
and referred to the Police Commission, who, after study-
ing the matter, recommended not only its retention but
extension into other parts of London. The Home Office
then got an improved semaphore designed and erected,

Fig. 2. Early days of the automobile Downtown New York City;
horse-drive vehicles, street cars, and autos competed for space.

and the original was dismantled in 1872. Ironically, the
inventors, by terms of their agreement, had to pay over
half the expenses, reportedly some 300 pounds, for the
cost of the semaphore and its operation [3].

Although it is very probable that, many other attempts
were made to control traffic by colored lights after this
London experience, no available account has come into
easy purview. Perhaps some future delver will find other
examples of early signals.

Again bridging the years, we find that after the turn
of the century, as automobile traffic grew, inventors and
innovators applied their talents to solutions of the ever-
increasing traffic problem in the United States. The first
patent in the field of traffic signas was evidently filed by
a Ernest E. Sirine of Chicago, Ill. On April 28, 1910,
Sirine filed a patent pertaining to a system of traffic
control consisting of semaphores labeled "stop" and
“proceed” which were activated by synchronous motors.
This semaphore system was akin to that later used in
Los Angeles. Calif., but insofar as is known no installation
of a signal based on Sirine’'s patent was made. Sirine’'s
patent was granted on November 10, 1910 [4].

In France another experiment concerned itself with a
form of traffic tower, an innovation that was shortly to
spread rapidly over the United States. In Paris, in 1912,
an ornate bronze kiosk 15 feet high was erected at the
Rue Montmarte and Grand Boulevard. A policewoman
sat in a sort of glass showcase near its top and manipulated
a revolving four-sided metal box that stuck out of the top
of the kiosk. Opposite sides of the box were painted red
and white respectively, for "stop" and"go". This amused
the Parisian taxi drivers who joyfully ignored the signas
while onlookers cheered. It is not surprising to learn that
the kiosk was abandoned after only 22 days of use[5].

Due to the efforts of William Phelps Eno, who recorded
his attempts to expedite traffic in New York, N.Y. we
have a good picture of what the early days of traffic con-
trol by police were like (see Fig. 2). When autos were the
exception rather then the rule, the principal duties of the
small New York police force were to keep the peace



Fig 3. Early automobile traffic on Fifth Avenue, New York City.

among teamsters, as their slow-moving horse-drawn
vehicles were a great source of arguments. When the auto
came (Fig. 3) the police thought that these troubles were
over because the auto possessed a greater speed, move-
ment would be more fluid, and their task of maintaining
order would be gone. Time has certainly indicated that
this concept was wishful thinking.

Eno promulgated rules for “New York's finest” “to see
that traffic is not delayed by vehicles loading or unload-
ing, or being backed up to the sidewalk.” Because the
police were equipped with bicycles and motorcycles, they
were able to apprehend those who wished to proceed at a
faster pace, and because they could work quickly, they
acted as instructors and supervised traffic generally. As an
example of the accelerated pace of activity, in 1902 there
were a “whole” three mounted policemen stationed on
Fifth Avenue; by the end of the year, there were six. The
next year a Bureau of Street Traffic was established and
by 1908 they had 743 men; 138 of these were mounted
and 18 had bicycles.

In order to regulate traffic Eno set forth manual and
whistle signals for officers which, interestingly enough,
were later adopted in some of the first traffic signals. In
1909 he made the following recommendation.

One blast of the police whistle indicated that north and south
traffic shall stop and that east and west traffic shall proceed.
Two blasts meant that east and west traffic shall stop and that
north and south traffic shall proceed. Three or more blasts were
asigna of alarm and indicated the approach of fire engines or
some other danger.

Unfortunately, the whistle method of control spread to
other parts of the country but the concept of uniformity
did not. Chicago, perhaps to be contrary, completely
reversed the meaning of the one- and two-blast signals.
In other systems which were in vogue at the time, a single
blast indicated that a change was forthcoming; this was
followed by the direction given by a manua signal. An-
other locality used a whistle to stop all traffic and allow
pedestrians to move [6].

An innovation of the day was the semaphore or manu-
ally operated traffic control sign. New York’s Deputy
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Police Commissioner had five semaphores installed at
intersections on Fifth Avenue. These were an immediate
success, and some SO more were added the same year
with railway lamps topping them for night use [7].

Schad states that the first mechanical semaphore g
peared in the United States about 1913 in Detroit, Mich,,
It consisted of four revolving blades set at right angles
atop a light portable stand with the blades displaying
the words "stop" and “ go” on alternate faces. At night
the arms had a signal lantern of the railroad type using
red and green lights. In some cities umbrellas of the beach
variety were employed, and the words “stop” and "go"
were painted on the canvas the officer stayed underneath
and rotated the umbrrlla as needed [6].

Also in the summer of 1918, a semaphoe signal for
traffic regulation was installed at Chestnut and Broad
Streets in Philadelphia, Pa. It was 6 feet high, constructed
of half-inch iron rod and mounted on a cast iron base.
Two arms were used marked “open” and “closed.”
Considered successful because of their good visibility,
they replaced officers using the “whistle and beckon”
method [6].

Electric semaphores were also recommended for Chi-
cago, to be operated by a traffic officer having a raised
position at the curb [6]. Louisville, Ky., introduced the
semaphore system in 1915, having received frequent
complaints from apartment house residents because of
the disturbance that officers whistles made [6].

In Richmond, Va, semaphore signals were installed
about the year 1916, consisting of four arms painted white
and red alternately and bearing the words “open” in black
letters on white arms and “closed” in white letters on
the red arms. Each arm was equipped with electric lights,
showing through a red lens in the “closed” arm and a
white lens in the “open” arm. The electric current for the
lights was furnished by a storage battery in the shelter
under the signal [6].

While the semaphore was thus gaining acceptance in
the East! San Francisco was also experimenting largely
as a result of two inventors, Benjamin M. Harris and
Dr. G. G. Cndlieri.

In 1915 semaphores with automatic whistles were in-
stalled in San Francisco, Cdif. The Harris device con-
sisted of a double-pointed arrow bearing the word "stop”
on either face, which could be turned through 90" by a
small 110-volt motor mounted in a box just above. The
motor also operated a police whistle which sounded two
blasts as the arrow pointed one way and a single blast
when it returned to the opposite direction.

When the crossing wasto be cleared for an emergency,
the arrow was made to revolve continuously and the
whistle blew until shut off. At night the arrow was lit by
two 40-watt tungsten lamps; a third lamp located in the
red globe below was automatically put in the circuit when
the alarm signal was given. The switch box operated by
the officer had five controls, two governed the position of
the arrows, the third operated the lights, the fourth con-
trolled the aarm signal, and the fifth raised and lowered

-
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Fig. 4. caglieri signal in San Francisco, 1913 vintage. (Sote devices
showing in figure.)

the shutters to concea the lettering and the arrow during
the night hours, when the semaphore was not in use. The
arrow was hung so as to be 2 feet below the trolley wires,
and was supported on small steel cables. The complete
weight was 45 pounds. The arrow was about 4 feet, it is
believed. In case of repairs one had to get up to the signa
or else lower it. The pump which supplied the air to the
whistle was reciprocating and operated by a crank on the
motor shaft. There were a great number of small parts,
and chances for trouble appeared to be great. Because
the motor operated only during the period that the
signal was being given the current, power consumption
was small. The effort of the traffic officer operating the
signal was about the same as for the Caglieri signal, in
the following discussion. Harris provided these for $250
each, figuring that the cost of operating and maintaining
the signal for 10 hours each day of the month would not
exceed $1.50 per month, and he guaranteed this on a
B-month trial basis.

Caglieri’s signals (see Fig. 4) seemed to be less of the
semaphore type and more of the alternating-light type.
They both were on tria in the spring of 1915 at the inter-
section of Third and Market Streets, San Francisco. In
May the city asked for signals at three complex intersec-
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tions on Market Street. Caglieri bid some $922 for the
three traffic signals, consisting of 16 double red and green
flash lights with double lenses and reflectors properly
enclosed in cast iron boxes and controlled by drum switch
and whistle. Installation would cost some $1240 for a
total of $2162. Interestingly enough, the specifications for
these three signals consisted of one page of written de-
scription and a small sketch of three intersections.
The Caglieri signal was further described as follows.

It consists of an electromechanical control device which
operates a whistle and makes electrical contacts for red and
green lights. One control device is required for each crossing
and as many lights as desired can be operated from one control
device. The control apparatus can be located on a post or within
a cabinet. within easy reach for inspection and repairs. The
whistle is operated by a rotary compressor driven by a small
motor. The motor and compressors are running constantly, and
when the whistle is not operating the compressor exhausts to
the atmosphere. When the officer operates the signal, a mechani-
cal contrivance closes the valve to the atmosphere and compels
the air fromthe compressor to pass through the whistle. The
signal has the advantages of flexibility, simplicity, ruggedness,
and accessibility with correspondingly low maintenance cost.
The effort on the part of the traffic officer in operating the sig-
nals is about the same as for the Harris signal.

In a later letter in June, Caglieri offered to supply one
complete signal to handle traffic on each intersection,
which consisted of four double red and green flashing
lights properly enclosed in a cast iron box, and which was
hung under the trolley wires in the center of the intersec-
tion and controlled by a drum switch with a whistle device,
complete for $260. The current cost would average $2.25
per month. Additional signal heads were advocated by
Caglieri because of the irregularity of the intersections

18,

[qT[h]e foregoing is but a limited account of the semaphore
era. The era of the traffic signal (as we know it today) and
the era of the traffic tower were about to begin.

Prior historians have given the honor of having the
first credited installation of signals to Cleveland, Ohio,
where James Hoge filed a patent on his system on Sep-
tember 22, 1913. However, for some reason it was not
granted until January 1, some four years and three
months later.

However, the actual installation was probably com-
pleted on August 5, 1914, at the intersection of Euclid
and 105th Street in Cleveland. Capable of being con-
trolled by hand or an automatic timer, the installation
had the basic essentials of a modern signal controller.
There were eight’ indications at this intersection, a novel
feature being that the near side had four red indications
while the far right side had four green indications. Also,
at the time traffic was changed from green to red or vice
versa, a bell was sounded so as to warn traffic of the im-
pending change.

A half-block away was a fire station on 105th Street,
and a switching arrangement was located there which
enabled the firemen to turn all the signals red in all four
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directions, thus stopping all traffic for the passage of the
fire apparatus. Evidently, a second similar installation
was made at o5th Street and Euelid Avenue several
months later but Mackall [4] says that both of the
installations were abandoned soon after.

A little later. in the May 27, 1916, issue of Electrical
World, an advertisement was featured showing an elee-
trie traffic signal manufactured by a Mr. Painter, Balti-
more, Md. Thix consisted of red and green IFresnel lenses
with u light behind each lens. The lensex were alternately
lighted to indicate to traffic whether to stop or go. What
the results of thix advertisement were is not known; ap-
parently few, if any, installations resulted, however
{4].

In June, 1916, the famed E. P. Goodrich, one of the
founders and the first president of the Institute of Traffie
Engineers, outlined 2 one-way progressive svstem  of
traffic control for New York City. He took his idea
from the progressive system of train control used by
the elevated railroad’s ear on the Brookiyn Bridge. No
installation based on Goodrich’s plan resuited, however,
as far as is known [4].

Charles J. Reading, a citv-employed cleetrician of
Salt Lake City, Utah, in 1916 or 1917 installed a signal
of his own dexign (constructed by Mr. Carter, a loeal tin-
smith) which showed red and green lenses in four direc-
tions. It consisted of sheet-metal construction, it was
circular in shape and about 20 inches in diameter, and it
had eight standard railroad semaphore lenses, 82 inches
in diameter. It wus mounted in the center of the inter-
section and coutrolled by a police officer on one corner.
Although this signal had all the earmarkings of a plumber’s
nightmare, it was instantly successful and <hortly there-
after, five more signals appeared. Three of these were
installed on Main Street and three on State Street; the
entire six were connected electrically by cable and con-
trolled from a ecentral manually operated switeh. The
signal lights were connected in what would later be
known as an alternate (then called staggered) pattern;
by driving just at 20 mi/h, one could proceed through
all of the signals (that is, three on one street) without a
stop. Even as late us 1925, Salt Lake City did not choose
to use the yellow indication with their sxignals [1]. Iig. 5
indieates what advertizers of these davs thought would
sell a traffic signal. that is. a traffic signal which “makes
’em stop.”’

Somewhat parallel in time 1o these developments in
early traffic signals was the evolution of the ‘‘traffic
tower.” Evidently the first such tower or “‘crow’s nest,”
as Eno had termed it, was the one installed at Woodward
and Michigan Avenues in Detroit (see I'ig. 6). It had a
steel superstructure supported on a conerete base. The
officer, stationed in the crow’s nest about 6 feet off the
street, operated the semaphore arms then in vogue.
These displayed a “stop” and “go” message and used
red and green lights at night. Some 20 000 vehicles per
day used the intersection, then one of the busiest corners
in the world.
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Fig. 5.  Advertisement featuring a real “block buster’” of a ~ignal-
engine block.
e Wl
Fig. 6. An early “crows nest” or traffic tower, Detroit, with a

manually operated “stop” and *'go”’ semaphore al _the,top and
under the platform. ’

In December, 1920, Detroit followed its initial installa-
tion with a more modern tower design; the city erected
one at Michigan and Woodward Avenues and another at
Woodward Avenue and Grand Circus Park. On each of
these towers were 12 floodlights. Green, amber, and red
indieations pointed in each direction. For the first time
in history, red, vellow, and green were used to control
traffic. The meaning for these signals was “go” (green),
‘“stop” (red), and “clear the intersection” (amber). The
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Fig. 7. Example d the bronze traffic towers used on Fifth Avenue,
New York City. in the 1920s.

floodlight projectors were12 inches in diameter and used
250-watt lamps. The manually controlled lights mere on
the roof of the booth [4, p. 2].

Although the Detroit traffic towers were “first,” those
in New York (Fig. 7) received more publicity, and many
still believe that those in New York were first. The
building of them commenced as the result of the de-
plorable traffic conditions.

Dr. John A. Hariss, Special Deputy Police Commis-
sioner of New Yorkm described the tower system

The results obtained through the installation of a unified
system of signa control in the regulation of traffic in the City
of New Yorkhave established the practicability of such a
method beyond the shadow of a doubt. It is a decided step
forward in the way of relieving congestion and expediting the
movement of vehicular traffic in the busier centers, and con-
tributes in no small measure toward the safety of pedestrians
while crossing our thoroughfare5 where the heaviest volume of
vehicular traffic is to be found.

Since this system was put into effect in what is conceded
to he the most congested traffic thoroughfare in any of the
larger cities of the world, that is, Fifth Avenue between
30th and 60th Streets, New york City, it at once demon-
strated its efficiency in a manner to confound even the most
skeptic, who viewed the situation as impossible of solution.
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For several years prior to the installation of the flash-
light system on Fifth Avenue, congested traffic conditions on
that thoroughfare had become so intense as to make any-
thing like affluent and expeditious movement of traffic quite
impossible, and something very radical had to be done
to cope with this situation. While the assignment, of traffic
patrolmen to various street intersections and also the use
of the “stop” and “go” semaphores were rendering a service
as efficient as could he expected, both were entirely inade-
quate for the proper handling of the abnormal volume
of vehicular traffic that had begun traversing Fifthe Avenue
daily. It was plainly apparent that an innovation in the
methods of traffic regulation must be instituted w ithout delay
before things arrived at the stage where they were beyond
control. By actual test it was found to have taken as long
as 40 minutes for a vehicle to proceed on Fifth Avenue
from 57th to 34th Streets or in the reverse direction at
certain times of the day, and a some specific points the traffic
congestion had become so intense as to practically render
the streets impassable.

After prolonged and deep study and consideration of various
measures of relief, including a possible one-way regulation at
certain periods of the day, it was felt that the solution was to
be found in a method of signding that would clearly indicate
and control the movement of traffic over a reasonable distance;
and the adoption of a flashlight system, using different colored
lights as a medium of direction to proceed, stop, and change in
direction, was then decided upon as the most effective of the
contemplated plans to improve conditions.

Accordingly, signal towers were erected on Fifth Avenue at
57th, 50th 42nd, 35th and 34th Streets, modeled somewhat
similar to signal towers on railroads, for the control of the move-
ment of traffic on Fifth Avenue and cross streets by flashlights,
telephone, and push-button signas operating between the towers
and to be observed by the traffic officers assignedto duty at
street intersections. The floors of the towers are twelve feet
above the roadway so as to afford a clear view for their occu-
pants, and the towers are so provided at the base as to sheer
off passing vehicles, thus becoming, in addition to their specific
purpose, ‘ldes of Safety’ for pedestrianscrossing the avenue at
those poaints.

The master tower, controlling the operation of the remaining
towers, is located a 42nd Street, and the movement of traffic
averages about one and a half minutes for that on the avenue,
as against one minute for the traffic from cross dreets. Prior to
the change of signals a bell is rung to attract the attention of
the policeman assigned to crossings that a change in the direc-
tion of traffic is about to take place. The telephones are used
for the purpose of transmitting necessary police information
between the towers, or in case of any disorder to transmit the
signals, in lieu of the flashlights becoming disarranged.

The signals flashed from the towers indicate the following:
yellow-traffic moves on Fifth Avenue and al cross traffic from
side streets stops behind the building lines, or white limit lines
when marked on the roadway; red-all traffic on Fifth Avenue,
as wel as side streets, stops behind the building lines, or white
limit lines when marked on the roadway; green-traffic from
side streets proceeds. The signals are in operation from 8 aw
until 12 »w and regulate the movement not only of vehicular
traffic, but also apply to pedestrians in crossing the roadways,
which they must do at the regularly designated crossings.

Under the new regulation congestion has been eiminated, and
the annoying and costly delay experienced prior to its inception
has been reduced by more than 60 percent. It has aso resulted
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in a saving of wear and tear upon vehicles and the eimination
of much inconvenience to individuals. Such excellent results
have been ohtained from the system that we are endeavoring
to obtain sufficient funds to extend it to the husier sections of
other thoroughfares throughout the city not only in the Borough
of Manhattan but in the Borough of Brooklyn as well.

The initial 1920s saw the growth of towers in all parts
of the country. Most cities felt traffic towers were neces-
sary to get the officer up and over the plane of traffic so

he could observe better and manipulate his semaphores

or colored lights or simply wave his arms around.

As examples of this traffic tower activity, in 1921 an
installation was made in Knoxville, Tenn., consisting of
six towers and shortly after that a trial installation made
its appearance at Broad and Arch Streets, in Philadelphia.

In Chicago a system based on the New York traffic
control tower system was installed on Michigan Avenue.
Chicago’s system was more of an automatic variety, how-
ever. Four major towers, 27 feet high, were located five
and six blocks apart. Two of these controlled five sub-
towers, one controlled six, and one controlled four. The
subtowers were erected at every block where a cross
street intersected a boulevard and were 13 feet high. At
the top of all towers, facing in four directions, were three
signals, one above the other in a vertical line. The lenses
of the lamps were sand-blasted so that they appeared as
balls of light clearly seen even by those not directly in
line with their axis.

A novel feature for both fire and traffic consisted of an
18- or 20-inch bell from which were suspended three arms
carrying the traffic lamps. The signal to stop was indi-
cated when the three lights were visible across the road-
way. The moving traffic saw two lights only, one above
the other. When used as a fire signal, the bell was sounded
and one arm rotated in order to indicate the direction
that the fire apparatus was to go. It is not known how
long this system lasted, but towers were not in fashion
for a very long period of time, even at their zenith of
popularity [10].

Barnes [11] in speaking of the days he was a traffic
engineer in Flint, Mich., tells of their ancient devices as
follows (some rewording by author).

Movable intersection semaphore signs, manually operated,
were installed in downtown Flint in 1916. The officer was placed
in a small booth a the curb and the sign was set in a standard
just outside of the booth; the officer leaned out through the
window and turned it (the purpose of the booth being protec-
tion from the elements). Traffic toners with manually controlled
interconnected lights mere used in downtown Hint in 1923. The
heads were |located in the center of the intersection on concrete
abutments and some 13 intersections were controlled manually
from two separate points. These towers were about 25 feet high.
A considerable number of accidents seemingly were caused by
the concrete abutments in the center of the highway.

Other cities also were adopting their unique tower
signal systems. In Atlanta, Ga., traffic signals were
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Fig. 8. William Potts' original “red,” "yellow," and “ green”
traffic signal, now at Greenfield Village, Detroit. (Courtesy of
the Henry Ford Museum, Dearborn, Mich

suspended over street intersections, and they were elec-
trically connected to a central tower. All of the distant
lights were operated simultaneously from this tower [12].

Los Angeles, Calif., had a system of combined sema-
phores and lights installed upon special posts at each curb
corner. These operated from a central station that con-
trolled traffic for a considerable area. In addition to the
signal towers located several blocks apart, there were
signal boxes suspended at every intersection between
these towers which showed the same lights, not only to
the nearby drivers on the same street but also to the
drivers who were approaching on the cross streets. The
ringing of a small alarm bell at each intersection an-
nounced the coming change of signas [6].

The traffic signal head, as it evolved, was bound to
emerge somewhat in the form it is today. Generally,
William L. Potts of the Detroit Police Department is
acknowledged as the originator of the first three-color
(red, yellow, and green) four-direction traffic signal. Of
the overhead suspension type, it was installed at the
intersection of Fort Street and Woodward Avenue in
December, 1920, where it remained for 4 years. Built of
wood with a metal shell, the signal used 4-inch lenses, and
the lights were manually operated by a police officer
(see Fig. 8). Although Potts’ achievement was evidently
not recognized at the time, a U. S. Court decision in 1928
established that he, indeed, was the official inventor of
the first four-way traffic light.
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In 1921, Potts, who had been designated Superintendent
of Signals for the Police Department, installed an "auto-
matic" light system in 13 of Detroit’'s traffic towers on
Woodward Avenue. The automatic feature was the elec-
tric interconnection of the traffic signals which were
controlled from a single location by a police officer. Potts
aso made many other noteworthy contributions to the
young traffic signal era [13].

The Crouse-Hinds Company, long a stalwart in the field
of railroad signaling. made its entry into the automotive
traffic signal business about this time. The following is
from Mackall [ 12] who was a signal pioneer with the
Crouse-Hinds Company.

Our | Crouse-Hinds) sctivity goesback to 1921 at which date
we engineered our first installation of traffic control lights for
the City of Knoxville That installation con&ted of anumber
of lighting units which were designed for other purposes but
which wereinstalled on towers and controlled by an officer in a
tower. After the origina one ( Knoxville) we planned and in-
stalledsx more, all of which were independently operated and
there was no fired connection between them. (Thiswas done in
January, 1921.)

Later onin 1921, installations were made in Detroit and
Augusta In February, 1922, we made an installation at one
intersection in Houston, Tes. Thiswas a successand in March
1922, we designed the first interconnected (electrically) traffic
signal system controlled by an automatic timer. This consisted
of 12 intersections, mostly on Man Street. It was controlled
from a tower installed at Main and Capitol Streets in Houston,
and the automatic timer, manual control switch, and relay panel
were all installed in the tower. The system was operated auto-
matically throughout the hours of the day.

San Francisco, not to be outdone and having progressed
since the era of its Caglieri signa and Harris semaphores,
came out with its own individualistic Wiley signa (shown
in Fig. 9) which was to endurr for amost 40 years. Inno-
vated by the city electrician of San Francisco, it consisted
of an eight-sided cylinder which oscillated back and forth
450. On the eight sides of the revolving cylinder were
grooves or dots that alowed glass plates with the signs,
“stop” or “go” to be inserted and held in place. These
plates were made of white translucent glass with a flash-
ing of red glass for the word “stop” and green flashing for
the word “go.”

The signal had a stationary outer shell or cover which
was also eight-sided, and which had one, two, three, or
four sides open, depending on where the signal was used.
A single signa could be used in the center of a four-street
intersection with all four sides open. two showing “go”
while the other two could show “stop”; or four one-way
signals. one at. each intersection corner, could be used.

The signa struck one mechanical blow on a lo-inch
gong at each signal change. The cylinder operated the
bell hammer which also acted as a bumper or dash pot
and prevented excessive jarring of the cylinder at the
end of each operation. The lo-inch bell was in the bot-
tom of the signal, and the outside plates were slotted to
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Fig.9/ When signals dating back to the early 1920s. Until a few
years ago these were common in San Francisco.

allow the sound through. If the signal were mounted on
a trolley pole, a bracket was used; it was also capable
of either being mounted on top of a pipe or suspended.
The signal was equipped with a 75-watt lamp which
was used at night, and it could be read 300 feet [14].

The signals in the early 1920s were characterized by
their individualistic designs. Uniformity would shortly
become important and dominate signal head design, but
until it did, experimenters had their day (see Fig. 10).

Many of the early signals in Los Angeles were originaly
installed by the Automobile Club of Southern California
One such signal (described by Lefferts [15], Manager of
their Public Safety Department) erected in 1924 had a
circular face upon which an indicator hand revolved
similar to a clock and set forth the amount of “stop” and
“go” interval that the motorist had left. This was also
advantageous to the pedestrian as he could ascertain the
amount, of time left to cross the street. However, this
same information encouraged motorists to take undue
advantage of the “go” interval remaining and accelerate
to cross the intersection before the signal changed. An-
other disadvantage was that it was not visible for any
great distance on the intersection approach, and reflec-
tions from the sun's rays made for erroneous indications.
Evidently, its use was limited and it was abandoned
after a short time. This signal was installed at the inter-
section of Wilshire Boulevard and Western Avenue, re-
placing a rotary traffic experiment.

Pennsylvania also had its share of unorthodox installa-
tions as the following examples illustrate. Sometime in
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Fig. 10. Example of the many unorthodox devices used for trafie

control at intersections in the early 1920s,

early 1924, Charles T. Smith, then Superintendent of
Police, Haverford Township, Delaware County, had a
local plumber manufacture a traffic signal out of an old
30-gallon hot water boiler. Three colored lenses, red,
amber, and green, were mounted in this contraption, and
it was operated by some sort of u homemade timing
device. It was mounted on a conecrete block pedestal
about four feet square and placed at the intersection of
Darby Road and West Chester Pike, TLlanerch, Pa.
However, a fatal accident occurred at the intersection,
bringing the device into disrepute, and it was removed;
the intersection, ironically enough, operated without a
signal until 1945 [16].

In the early spring of 1924, Muajor General Smedley
Butler (U. 8. Marine Corps, Ret.), Director of Public
Safety, Philadelphia, borrowed a searchlight from the
General Electric Company and placed it in the City
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Fig. 11. 'The 1924 Attica; it had ten small indieations  and two
large indications for each direction of traffic, and was,” perhaps,
the most unique signal ever devised.
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Hall Tower near the clock, facing north on Broad Street.
This light was an extremely high candlepower carbon
arc searchlight. The idea behind the operation was quite
unique. The light would remain turned off for two min-
utes; during this time traffic would move on Broad
Street. Then the light would be turned on for one minute;
during this period Broad Street traffic stopped and cross
street traffic moved. The object of the light was to guide
the police officers who were directing traffic. However,
while the traffic going south on Broad Street could see
the light a con~iderable distance north, those going
north could not see it at all. The large light was used
for some 43 days from 8 ayM until 12 midnight each
dav before it was turned back to General Electrie, the
experiment being deemed unsuccessful.

Perhaps the most unique signal of these early days
was the Attica signal. The following account [17], [18]
(adapted from contemporary sources) probably indicates
why a large number were nof installed. For a consider-
able period of time, however, these signals were to be
found in many small communitiex (see g 11).

The Attica traffic control system which has been develope.l
by the Attica Traffic Signal Company of Harrisburg, Pa., is
constructed with a view to the promotion of more efficient
disciplme of traffic through the cooperation of drivers, pedes-
trians, and police officers. The device ix equipped with a series
of five lamp~ in addition to the stop-and-go cquipment. These
lamps are ~o wired that they work in conjunction with the
stop-and-go features being put out automatically at regular
intervals, one after another, until all are out, and at this point
a change in direction is promptly provided. By this means a
glance at the signal reveals the approximate number of seconds
before a change in direction is expected. This advance informa-
tion enables a driver to comply readily and removes hasty and
l-advised action.

On erther ~ide of the signal a special lens visible to the pedes-
tian serves as his guide, enabling him to eross ~afely. The signal
i~ equipped with an audible alarm synchronized to sound the
moment a change in direction takes place.

This signal 1~ located at the near right position. The device
may he operated manually or automatically or a series of inter-
sections may be synchronized. A standard motor switeh timed
to meet the conditions gives the desired time change intervals.
50-watt bulh~ are used behind the large lens and 10-watt bulbs
hehind the ~mall ones; 100- and 25-watt lamps could be used,
respectively. by making a few adjustments in focal length. The
ignal is cast of aluminum, weighs 70 pounds, has a maximum
length of 44 inches and a distance between centers of the large
lenses of 34 miches. The maximum width is 14 inches. The large
lenses are & inches in diameter.

The vear 1923 saw a most unique traffic control signal
installed in Minneapolis, Minn. (see Fig. 12). Known as
the Gri~wold “Bobby,” it consisted of a square post
some 6 inches wide and some 3 to 4 feet high, which
was mounted on a heavy cast-iron base sunk in the
pavement. usually in the center of an intersection. A set
of coil springs kept the post in an upright position but
allowed it to be run over or knocked over by passing
vehicles. After their passage it would spring back to its

The
“American Bobby”

Traffic Regulator

“Goes down when struck—
Bobs up when released.”

THE AMERICAN BOBBY IS THE
ONLY SAFE STREET SIGNAL.

It is held in position
by two sets of steel
sprin; which sllow it
to ygfd when struck,
and bring it back into
place when the car has

pasaed on.

The American Bobby
vees a minimum of street
space. It is the only
gignal which can be in-
stalled between street
car tracks, It will stand
hard treatment, hecaunse
it iz built of structural
steel

Write for literaiure and
o list of the cities where
our sigmals are installed.

GRISWOLD SAFETY SIGNAL CO.

20 FEast Hennepin Avenue, Minneapolis, Minn.

Fig. 12 Advertisement for this trallic regulatory device appeared

in 1924,

upright position. On the post were vertical rectangular
panels that had the legends “stop” and “go” arranged
with colored glass letters illuminated from within. As
light bulbs and glass letters are subject to breakage
whenever the post was hit, exeessively high maintenance
costs were experienced with this kind of signal. The post
rotated and displayved either “stop” or “go” to each of
the four directions. These signals were also introduced
in Buffalo, N. Y., and other cities but seemed to be used
in great numbers only in Mlinneapolis, Minn., where
they lasted for many years [19].

As if to counteract signals such as the “Bobby,”
Dr. Mackey of Lancaster, N. Y., devised a three-section
signal head having four faces with independent lights for
all lenses, instead of using a single light to illuminate all
four fuces as most of the early tyvpes did. An experimen-
tal installation of Maekey’s signal was made at Tupper
and Main Streets in Buffalo probably in 1922 [19, pp.
11-12].

Klug and Smith manufactured a type of post signal
mounted in the center of an intersection that featured
large rectangular heads in which the color indieations
were rectangular glass panels instead of circular lenses.
Their first installation was at the intersection of Fifth
and St. Peter Streets, St. Paul, Minn. [19].

A bigger signal (Fig. 13), adopted from an advertizer of
the day, shows General Electric approach to the traffic-
signal problem. Assuming the motorist could not spell, the
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Fig. 13. General Electric signal of 1925; the top four indications,
when illummated, said *‘~stop.”

signal was designed to indicate the message “‘stop” in lenses
with the individual letters on each lens. When the “stop”
message went off. two lenses would be illuminated that
spelled out the word “go.”

Crouse-Hinds did not allow its new market for signals
to go begging in view of the competition springing up.
In the summer of 1923, thev designed the first one-way
three-section signal, capable of being both horizontally
and vertically mounted, and installed it in Rochester,
N. Y. Their original installation at two intersections
was rapidly expanded to control all of Main Street.
Main Street was an extremely long street; three master
traffic towers were installed and several sections of
street operated from a tower. These towers were also
designed so that all could be interconnected and oper-
ated that way. Also in 1923, Crouse-Hinds brought out
the first automatic variable timing switch and this
enabled the total period and split to be varied. This
provided flexibility heretofore unavailable but also made
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Fig. 14. Sound-actuated signal, inventor Charles Adler, Jr’s auto-
mobile-horn-actuated signal of the 1920s, first used in Baltimore.

for a large and expensive controller so in 1924, Crouse-
Hinds introduced the first induction dise automatic
variable-timing switch which was small, compact, and
cheaper. This was later followed by the synchronous
timing switch [13].

In the early part of the 1920s the automatic continuous
flasher was introduced, and this device took the country
by storm. These deviees were usually mounted on a slop-
ing rectangular column of ample dimensions and placed
prominently in the center of the intersection, usually on
a small island or as part of the embryvo channelization
efforts of the day. These flashers were extensively de-
veloped by the American Gas Accumulator Company
being derived from their marine buoys and channel
markers which used carbide gas as the source of illumina-
tion. Usually the supporting eolumn became the home
of what little guide signing there might be in those days
or else served as a repository for local advertising. These
flashing beacons were around for many vears and their
descendants are still numerous today [20].

All of the early signals relied on some type of electrical
switching apparatus to change the light indications. The
manufacturers of these early devices used brass and
copper in greal profusion. The employment of elec-
tronics was still a few years away and the idea of actu-
ation or allowing for the actual presence of traffic did
not eome into sucecessful use until the latter part of the
1920s.

The early 1920s saw a great road-building effort spring
up. World War I had made the public econscious of auto-
motive transportation, and acceptance of the auto-
mobile then started the climb to the problems we have
today. Standardization attempts aimed at traffic de-
vices seemed to evolve at this time, and the motorist
who ventured forth began to find more similarities and
fewer differences in the devices to which he was exposed.
In the mid-1920s, secretary of Commerce Herbert Hoover’s
call for a national conference on street and highway
safety set the stage for planned attempts at standardiza-
tion. His interest in this problem continued through his
presidency, and most of the uniformity concepts were to
take place during the period of his interest. Charles
Adler, Jr.’s automobile-horn-actuated signal of the 1920s,
first used in Baltimore, is shown in Fig. 14.
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A very great problem in any type of historical writing
is the dependence upon finding what has gone before
(pictorial or written) and then the evaluation and inter-
pretation of this material. Certainly some amount of
selectivity and subjectivity goes into this process. For
this brief account secondary sources were chiefly relied
on; the primary sources are items such as the daily news-
papers, but perusal of any materia like this has been out
of the question. The author hopes to continue his research
forward in time and also hopes to be able to supply
many of the missing tantalizing details that would make
this work a more valuable document.
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The Highway Research Board-
Electronics and Information

WILLIAM. N.

Abstract-The Highway Research Board (HRB) was estab-
lished in 1920 as a unit of the Division of Engineering, National
Research Council, under the corporate authority of the National
Academy of Sciences. Its purpose then, as now, was fourfold:

1) to stimulate highway research

2) to correlate highway research

3) to make known the findings of highway research

4) to undertake, when appropriate, special highway research
projects.

The interest of the HRB in electronics goes back many years.
Many of its committees have been concerned with the use of com-
puters, photogrammetry, instrumentation, traffic surveillance and
control, and similar uses. Test instrumentation and data reduction
techniques, developed at the HRB3 large field tests of highway
pavements in the 1950s were highly sophisticated at the time.

The services of the HRB include the Highway Research In-
formation Service (HRIS), which became operational in 1967 and
represents one of the most complete compilations of information
on highway-related research available in the United States. The
scope of the information stored in the system is as broad as the
problems of planning, building, maintaining, and operating trans-
portation systems. Subjects range from parking regulation to soil
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The author is with the Highway Research Board, Washington,
D.C.

CAREY, JR.

stabilization, from aggregates to aesthetics, from hydrology to
psychology, anything having to do with highway travel or its inter-
action with other modes of transportation.

The science of information transfer is progressing very rapidly.
The HRB will keep abreast of new developments in technology;
therefore, HRIS, the Maritime Research Information Service
(MRIS), and the Transportation Research Information Service
(TRIS) necessarily will be under a continuing state of review and
will be modified from time to time to keep up with new develop-
ments as soon as they are proven effective.

THe HieHwAY RESEARCH BOARD

OLLOWING the end of World War I, it became

apparent that progress in the United States depended
in large measure upon the improvement of the highway
system in the country. There existed, however, large gaps
in our knowledge of both the physical relationships
involved in highway design and construction and the
means for financing large public works programs. A
research program of significant magnitude was called for.

On November 11, 1920; the Sational Research Council
(NRC), at the request’ of the Bureau of Public Roads,
the state highway departments, the American Society of
Civil Engineers, and a number of highway-oriented
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organizations and educational institutions, created the
Highway Research Board (HRB). The purpose of the
new board was fourfold:

1) to stimulate highway research

2. to correlate highway research

3) to make known the findings of highway research
4) to undertake, in house, certain special highway

research projects.

The HRB was established as a unit of the Division of
Engineering, NRC, operating under the corporate au-
thority of the National Academy of Sciences. It comprises
an Executive Committee, a staff, and an affiliated member-
ship associated either by supporting membership or by
membership on committees. The HRB today, aswhen it
was established. is therefore a nongovernment organiza-
tion, although its ties with the government on al levels
have been strong through the years.

Principal financial support for its activities is from the
50-state highway departments and the Bureau of Public
Roads. Many industrial organizations, trade associations
(notably the American Iron and Steel Institut,e, the
Portland Cement Association, and the Asphalt Institute),
service, organizations consultants, educational and re-
search institutions. transportation authorities, and thou-
sands of individuals al over the world aso contribute to
its support.

The HRB operates with a small paid professiona steff
that serves as asecretariat for an extensive committee
structure. Committeemen from government agencies.
universities, and industry serve without compensation.

In recognition of the increasing emphasis on the
"systems,” or “balanced,” approach to transportation
problems, the HRB in recent years has modified its scope
to permit the development of a broader program which
considers other modes of transportation as they interact
with highways. Thus the purpose of the HRB today is to
advance knowledge concerning the nature and performance
of transportation systems through the stimulation of
research and dissemination of the resulting information.

The scope of the HRB, designed to accommodate its
modified purpose, permits it to give attention to all
factors pertinent to the understanding, devising, and
functioning of highway and urban transportation systems
and their interrelationships with other aspects of total
transportation. The HRB aso concerns itself with the
planning, design, construction, operation, maintenance,
and sa ety of facilities and their components, the eco-
nomics, financing, and administration of the systems, and
their interactions with the physical, economic, legal, and
social environment which they are designed to serve.

To be precise concerning the relationship of the HRB
to its parent organizations today, the HRB is a unit of the
Division of Engineering, SRC, which in turn serves both
the National Academy of Sciences and the National
Academy of Engineering.

The HRB occasionally conducts, in its Special Projects
Division, in-house research for the government or other
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sponsors. These are generally of a nature such that other
agencies are not available or appropriate for the conduct of
the research. More usually, however, the HRB acts as a
catalyst bringing together in a logical, orderly, directed
manner the voluntary and quite considerable talents of the
outstanding minds in the state highway departments,
federal agencies, state and local governments, universities,
industry, consulting firms, and other transportation-
oriented organizations. Essentially then, the HRB is a
talent pool that encourages and helps organize research
programs and makes known the findings through various
means to those who can best put them to use.

Research needs are determined and research activity is
stimulated primarily through the highly developed
system of technical committees of the HRB, operating
under an organizational structure of three groups sup-
ported by staff specialists in the broad areas of economisc,
administration, design, materials, construction, traffic
operations, safety, soils, urban planning, and laws. There
are over 100 committees, each concerned with a relatively
narrow subject area, operating within these areas. Over
1800 dedicated professionals, from the organizations men-
tioned earlier. voluntarily contribute to the work of these
committees. From the work of these committeemen and
their associates comes new inlormation in the form of
papers and reports. Every January, over 3000 top ad-
ministrators, engineers, and educators from here and
abroad, gather in Washington, D. C., for a week-long
annual meeting of the HRB to present and listen to these
reports, to participate in conferences and committee
meetings, and just to learn what is new in al areas of
highway and related transportation research. The papers
presented at this annual meeting and other HRB con-
ferences and workshops form the nucleus of the rather
substantial publications program of the HRB. Last year,
for example, over 11 000 pages of significant information
nere published in 113 separate books. Over 400 000
copies of these publications were distributed throughout
the United States and 73 other countries of the world.

The activities of the HRB are grouped under four
broad areas : administration, special projects, technical
activities, and the National Cooperative Highway Re-
search Program (SCHRP) .

The technical activities staff is the largest of the four
and is responsible for a major portion of the HRB effort
during the year. This staff furnishes support to the func-
tional groups and committees, makes field visits, develops
meeting programs, recommends the content of HRB
publications, screens the input and output of their ex-
tensive computerized information storage and retrieval
systems, and provides technical liaison with the NCHRP
and the area of special projects.

The NCHRP is a 3.5-million-dollar-annual-contract
research program administered by HRB for the state
highway departments and the federal Bureau of Public
Roads. It deals with problems of concern over wide areas
of the United States that are too large or complex for
attack by the research program of an individual state.
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ELECTRONICS a0 THE HRB

The interest of the HRB in electronics goes back many
years. Many of its committees have concerned themselves
with the use of computers, photogrammetry, instrumenta-
tion, traffic surveillance and control, and similar applica-
tions. Many related papers have been presented at HRB
meetings. Test instrumentation and data reduction tech-
niques developed at the HRB’s large field tests of highway
pavements in the 1950s were highly sophisticated at the
time.

The HRB has maintained a Special Committee on
Electronic Research in the highway field for the past ten
years. This year the continuing electronics-research
activities of the HRB were assigned to a new committee
on Communications in the group concerned with Traffic
and Operations. The old special committee has been
concerned with the use of electronic techniques and
equipment whether its application was in design, con-
struction, traffic control, data processing, or elsewhere.
The current Communications Committee is limiting its
work at the outset to the identification of communications
requirements of the highway system. It will also concern
itself with both correlation of research efforts on subsystem
designs and also the encouragement of the development
and implementation of integrated transportation com-
munication systems. Under Chairman R. C. Hopkins the
members of this committee are currently engaged in a
study of highway communications needs for a “typical”
state. Individual members are looking in depth into the
following areas :

disabled vehicle assistance

emergency assistance (accident, illness, etc.)
emergency medical assistance

highway conditions (detection, observation, reporting)
highway maintenance and repair

merging and freeway control system

modification of variable-message highway signs
obstacle removal

overtaking and passing information system
road-condition information (dissemination)
route-guidance system

routing information

safety information (preparation and dissemination)
snow removal

traffic data collection and reduction

traffic-flow control

vehicle-to-vehicle information

automation.

When the members have identified the needs in these
areas for several specific functional classifications of
highways, they will be brought together to develop a
composite needs picture. Hopefully, this will tell govern-
ment and industry something more than is currently
known about, the size and shape of the highway communi-
cations systems needed in the future. Such information is
expected to be of great value in guiding the orderly
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development of needed devices and systems. It should
prevent considerable wasted effort in developing un-
necessary elements.

As previously mentioned, several other standing com-
mittees of the HRB have a vital interest in electronics.
Among these are the Traffic Control Device Committee,
with a strong interest in the use of electronic detect on
and computing devices and their application to traffic
signal controls of al types. The application of electronics
is also important to committees concerned with insuring
quality control of construction activities and of materials
used to build and maintain roads and bridges. Data
collection and processing for prediction of urban develop-
ment’ and planning for the highway needs of tomorrow
would be amost impossible without modern computers.

In recent years in the annual meeting of the HRB,
papers have been heard on such subjects asthe following:

A Systems Anaysis of Highway Communications
Electromagnetic Compatibility-A Necessity for High-
way Communications

Communications Requirement’s in the Methodology of
Automatic Control of Highway Traffic

Pulse-Code Modulation

The Surface-Wave Line for Transportation Communica-
tion

Study of the Feasibility of Using Roadside Radio Com-
munications for Traffic Control and Driver Information
An Evauation of the Northway Emergency Telephone
System

Experimental Route-Guidance System

Driver Information Requirements and Acceptance
Criteria for Experimental Route-Guidance System.

These are samples. The list could be quite long even if
restricted just to items published by the HRB. What of
the other electronics research relative to highway needs ?
How can researchers be made aware of what is going on
elsewhere and what has previously been done to avoid
duplication and waste of effort? The information storage
and retrieval system described in the following section is a
partial answer.

THE HiGHWAY RESEARCH | NFORMATI ON  SERVI CE

It became apparent some time ago that, the increasing
highway research activity, not only in the United States
but throughout the world, required that the traditional
HRB information services be augmented. The approaches
of the past, however successful, were becoming inadequate.

In early 1963 the Executive Committee of the HRB
asked for an investigation of the pros and cons of an
automated information storage and retrieval system to
supplement the existing information services of the HRB.
A comprehensive study, involving talks with engineers
and researchers in the highway field and a thorough
examination of existing information systems and tech-
niques, made it plain that such a system would indeed
be of great value. Funds were made available in
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Fig. 1. Typical HRIS document record for summary of ongoing

research project.

from the state highway departments through the NCHRP
and from the Bureau of Public Roads. Work on the system
began in April, 1964. The design and development of the
Highway Research Information Service (HRIS) were
under the direction of Dr. P. E. Irick, HRB Assistant
Director for Special Projects. A. B. Mobley is now
Manager of the service. An advisory committee, made up
of representatives of the potential users of the system and
specialists in information retrieval systems, reviewed staff
decisions as the system was being developed. On July 1,
1967, after an expenditure for development of 800 thousand
dollars, HRIS became operational. Service is available to
anyone who needs an up-to-date account of transportation
technology. It represents one of the most complete com-
pilations of information on highway-related research
available in the United States. It is saving time, money,
and duplication of research. And, just as important, the
easilv accessible storehouse of information is helping
practicing engineers and administrators make the best
possible use of research findings.

The scope of the information stored in the system is as
broad as the problems of planning, building, maintaining,
and operating transportation systems. Subjects range
from parking regulation to soil stabilization, from aggre-
gates to aesthetics, from hydrology to psyvchology—any-
thing having to do with highway travel or its interaction
with other modes of transportation. Two general categories
of documents are stored in the system. One category
is made up of summary statements of the facts and ob-
jectives of research projects that are in progress, as shown
in Fig. 1. The other category includes summaries of
published articles or reports on completed research,
similar to the typical document record shown in Fig. 2.
Some 28000 summaries of in-progress research and
abstracts of reports on completed research are now stored
on the computer tapes.
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Fig. 2. Typical HRIS document record for abstract of
published report.

The inputs come from about 2700 sources the world
over, including private and governmental research
agencies, colleges and universities, and periodicals and
technical journals. In terms of geography, the contributors
to HRIS are as widespread as the subject areas covered in
the system. Sources are located in all 50 states, the
Distriet of Columbia, Puerto Rico, and 40 foreign coun-
tries.

About one quarter of the present HRIS files are made
up of summaries of ongoing research. Each year the Bureau
of Public Roads supplies some 1200 summaries of projects
in the federally aided research programs of the state
highway departments and in the bureau’s in-house and
contract research programs. About 4000 summaries of
foreign research projects have been entered from Inter-
national Road Federation surveys, and the International
Road Research Documentation (IRRD) center is now
beginning to add to the coverage of foreign research.
Many ongoing research projects are uncovered by HRB
staff engineers on their regular visits to over 200 research
agencies and universities. Information about others is
acquired through exchange agreements with other in-
formation services, both foreign and domestic. HRIS has
arranged to systematically update all of these ongoing
project summaries to reflect changes in status, as well as
the frequent changes in the scope and purpose of research
projects.

Three fourths of the records now stored in the HRIS
files are made up of abstracts of reports on completed
research, bibliographies, and other material chosen for its



CAREY: HIGHWAY RESEARCH BOARD

potential importance to the transportation community.
The technical staff of the HRB reviews nearly all American
literature oriented toward highways or transportation in
general. Over 800 sources are systematically reviewed
(magazinca, journals, conference proceedings, etc.). Only
about one in six of the articles reviewed is considered of
sufficient reference value to be included in the system.
After the articles are chosen, the HRIS or HRB library
staff prepares abstracts for them.

Abstracts are supplied each month by the Bureau of
Public Roads (over 2200 to date) and also periodically
by other organizations. The National Asphalt Pavement
Association, for example, has provided a number of
abstracts, many of which have been included in the
system. Still other abstracts are obtained through ex-
change agreements between the HRIS and other informa-
tion systems such as the IRRD. The HRIS stores abstracts
supplied by these other information services and, in return,
provides them with abstracts of HRB publications. In
addition, HRIS participates in the IRRD storage and
retrieval system for worldwide coverage of published
highway research material. The IRRD system operates
through centers in France, Germany, and Great Britain.
English language publications are the responsibility of the
British group, the Road Research Laboratory (RRL),
and it is through this group that the HRB exchange is
made. RRL has already furnished several thousand
abstracts to the HRIS, some of which had been translated
from other languages.

Comprehensive coverage of published research reports
stored in HRIS dates from 1967. Severa thousand pre-1967
references have aso been selected for entry (generaly in
bibliographic form, without abstracts) ; these represent
only reports of major and lasting importance that were
selected by the HRB staff and committees. About 10 000
nen- references are expected to be added each year.
Another 7000 ongoing research reports will be updated
every year.

For the automated aspects of the system, HRIS
depends on the computer facilities of the National Acad-
emy of Sciences. The present machine is a general purpose
digital computer (IBM 360), with four tape drives and
disk storage. The HRIS uses approximately 3.5 inches of a
nine-channel tape per document record.

The system provides three kinds of service. The first
involves listing a specific block of references from the
system. These lists are published in books or pamphlets.
To date, two major publication series have been authorized
using this mode. The first is Highway Research In Progress,
issued annually in January, which covers the ongoing
research; the second is HRIS Abstracts, published quar-
terly, each issue of which contains some 600 items recently
abstracted from the worldwide technical literature. The
second major mode of service is called “current awareness’
reporting. Under this mode, users of the system identify
their specific interests which may be as broad, for example,
as traffic operations and control or as narrow as the move-
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ment of water in soils. A record of the interest of each user
(called a “user profile”) is then placed on tape in the
system. At regular intervals all new entries are matched
against the user profile tape, and those new items that
meet the profile specifications are sent automatically to
the user to keep him aware of new developments in his
field of interest. The third major mode of output involves a
search of the complete file. Here a user simply asks a
question of the system, such as, “Provide a listing of all
references on the use of electronics in highway traffic
operations." The question is referred to an appropriate
HRB professional staff man who refines the question
(usually in consultation with the person who asked it).
If the staff man feels that HRIS is an appropriate source
for the answer to the question, he sends it on to the
system where a retrieval specification is prepared using
weighted terms and groups constrained by anp, or, Or NOT
operators. Fig. 3 shows the retrieval specification prepared
for the aforementioned question. There the question is
batched with as many as 50 other questions. About once a
week the questions are matched against the complete
HRIS files, and the pertinent material is printed out,
shown by the match list in Fig. 4 and the HRIS selection
in Fig. 5.

The system design alow users to be highly specific in
the type of information they request, thus eliminating
document records of marginal interest from the output.
For example, a user might place a standing request for all
document records of al foreign research in progress that
deals with the theory of elasticity applied to pavement
design, particularly if field tests are involved, but not
including any work by Dr. John Doe. After the request of
the user has been matched against the HRIS files, the
printout goes back to the appropriate HRB professional
staff man. He compares the system output with the
original question and discards items that do not appear to
be pertinent to the question. Or, on the other hand, the
staff man may decide, on the basis of his own knowledge
of recent developments, that the system output is skimpy.
In this case, he sends a modified, usualy broader, request
back to the system. The final response from the HRB may
include, in addition to the computer printout, documents,
reference lists, or other material supplied through its
professional and library resources.

The first two years of HRIS operation have been fruitful.
There are problems, of course. There are gaps in the in-
formation stored on the tape files, types of information
users want that have not been included. Occasionaly, the
time lag in converting a single copy tape record to a great
many copies causes difficulty. Reproduction of an issue of
HRIS Abstracts, for example, may entail producing 5000
copies from one tape record. It now takes about six weeks
to get those 5000 copies printed and sent out to subscribers,
when a lag of a day or two would be ideal.

Another problem involves cost. An appreciable amount
of subsidization is necessary to maintain such a system.
As an example, it costs about $20 to develop and enter the
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Fig. 5. Typical retrieved HRIS selection.

bibliographic data, index terms, and abstract for a single
published research paper. If users were charged a full
share of the cost of keeping the system up to date, as well
as the direet cost of output service, the total cost would be
so high that it would preclude the use of it by engineers in
public service, students, and others. Only well-endowed
research agencies, consultants involved in large projects,
or the like would use the system. Supporters of the HRB
recognize this problem and have agreed to provide funds
to keep the system viable in the interest of overall im-
provement of highway transportation. Users will, however,
have to reimburse the system for the cost of output
services provided. This is not unlike the situation where a
city provides the funds for a multimillion-dollar museum
that anyone can visit for 50 cents.

Frrure INFORMATION SYSTEMS

Because of its experience and success in information
handling, the HRB has been asked to broaden its activities
in this area to include comprehensive coverage of research
information relating to the other modes of transportation.
In cooperation with the Maritime Information Committee,
NRC, it is now under contraet to the Maritime Adminis-
tration to develop a Maritime Research Information
Service (MRIS) which will cover ongoing research and
published reports in the maritime field. A pilot system
covering all ongoing research (in all modes) supported by
the Department of Transportation (DOT) and also
certain foreign nonhighway research is being developed for
DOT. It is called the Transportation Research Information
Service (TRIS).
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The science of information is progressing very rapidly.
The HRB will keep abreast of new developments in
technology; therefore, HRIS, MRIS, and TRIS neces-
sarily will be under a continuing state of review and will
be modified from time to time to keep up with new de-
velopments as soon as they are proven effective. The HRB
is making every effort to be highly sensitive to the needs
and wishe~ of the users of the systems.

Users frequently need very rapid service. The new HRB
systems now under development provide for automatie
indexing and for the eonversational mode of retrieval by
which the user may query the storage files directly from a
keyboard with cathode ray tube display. This provides
almost instant response.

If the HRB were necessary and important nearly 50
yvears ago when it was established, then it has become
indispensable today. Its traditional role has been modified
to meet the press of transportation problems. The com-
ponent activities of the Board, including the information
storage and retrieval systems, are the most efficient and
appropriate means now known to meet the challenges of
today and tomorrow. Through the continuing and dedi-
cated efforts of those who are associated with the board, its
staff, its department and committee members, its sup-
porting organizations and individual members, and its
counterpart organizations around the globe, the search
will go on to find new ways and means to solve the complex
transportation problems of our complex world.

Electromagnetic Loop Vehicle Detectors

ROBERT L. ANDERSON, MEMBER, IEEE

Abstraci—Three different electromagnetic loop vehicle de-
tector designs are described: self-tuning, bridge balance, and phase-
shift. Principles of operation, design limitations, and design trade-
offs for each method are presented in detail. The characteristics of
the lead-in wire used are shown to be the primary limitation in loop
detector performance and stability. Characteristics of commercially
available wire used in present-day loop detector installations are
discussed. Design equations and graphs illustrate the tradeoff con-
siderations in the determination of optimum loop configuration
and inductance.

ITH THE ADVEXNT of electronies to aid in solving

today’s growing problem of traffic control, the
demands for automatic vehicle detection have increased.
Traffic-actuated intersection controllers utilize input data
regarding traffic demands to properly apportion the
available green time between opposing traffic movements.
More advanced electronic controllers utilize measurements
of the traffic volume and density characteristies to further
refine the assignment of green time among the various
traffic movements. The research and investigation of
traflic patterns involves the sensing and recording of large
amounts of data, including vehicle count, speed, density,
and volume. Large arterial traffic systems which are
operated by a centralized computer rely on data inputs
from sensors located within the controlled area as o basis
for logical decisions concerning the control of the traffic
signals. The electronic equipment used in each of the
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Fig. 1. Typical loop detector installation.

preceding applications shares at least one common’ re-
quirement: the need for electronic input data to indi-
cate the presence of vehicular traffic on the roadway.
The electromagnetic loop detector is presently one of the
most widely accepted methods of sensing vehicular
traffic and converting the sensed information into an
electrical signal usable by other traffic monitoring and
control equipment.

Iig. 1 depicts a typical loop detector installation. The
detection loop is located directly in the roadway and
occupies a major portion of the width of the lane (or lanes)
in which traffic detection is required. The loop is installed
in the pavement by first making a series of saw-cuts in
the pavement, inserting the proper numbers of turns of
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wire, and refilling the slot with an epoxy sealer. Loops are
typically deployed in a rectangular configuration, using
either no. 14 orl16wire. Depending on the size of the
loop, the number of turns varies between one and four, and
the loop inductance ranges between 50 and 300 uH.
The electronics associated with the loop, including power
supplies and output circuitry, are generaly installed in a
controller cabinet, together with other intersection-
controller equipment. The electronics can be located at
distances up to 750 feet away from the loop.

The loop detector has several operational features
which make it well suited to traffic-detection applications.
First, the detection zone is well defined by the dimensions
of the pavement loop, and can be made as large as re-
quired, by connecting a number of individual loops to-
gether. Second. detection is not affected by ambient light
levels, heavy rain or fog, or wind and ambient noise
levels. Also, these detectors can provide either a permanent
presence indication, which is a continuous signal whenever
any vehicle is in the detection zone, or pulse presence
information, which is a signa whenever a vehicle enters
the detection zone. Finally, as a factor which is important
in city modernization and beautification planning. the
detection element of the loop detector is conceded in the
pavement. Loop detectors, as opposed to optical, sonic, or
radar detectors, do not require the use of either supporting
poles or crossarms to mount the sensor element.

While the design of electronics may follow any one of
several design philosophies, which will be discussed |ater,
al of these designs operate on the following principle. If
the loop is energized with a high-frequency ac current, the
presence of a vehicle (or any other electrically conductive
object) in the electromagnetic field of the loop will cause a
net decrease in the self-inductance of the loop due to the
eddy currentsinduced into the frame of the vehicle. The
amount of change in self-inductance is difficult to calculate
due to both the complex geometry and the unknown factors
concerning a given vehicle body. Test measurements in-
dicate inductance changes upward to 5 percent, depending
on both the size and type of the vehicle and also the
distance between the loop and the bottom of the chassis
of the vehicle. The length and charnctrristics of the loop
lead-in cable, as will be discussed later, are the primary
limitations on the sensitivity of this type of detector. By
combining several smaller loops in series--parallel configu-
rations, it is possible to cover a wide detection zone using
a single-loop electronics package. The use of multiple
loops, however, creates a situation where one vehicle
parked over one of the loops will block detection of vehi-
cles crossing the other loops. This problem is circumvented
by using pulse presence rather than permanent presence
circuitry in the detector electronics. The pulse presence
circuitry produces an output pulse of adjustable duration
whenever a vehicle enters the detection zone. Another
vehicle will not be detected or counted until the pulse
generated by the previous vehicle has terminated.

Several loop detector concepts have been designed
around the principle of a change in inductance of the
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detection loop. One type is a self-tuning detector, where
the loop is part of a paralel tuned tank circuit, and where a
feedback loop is used to adjust the oscillator frequency to
keep the detector automatically tuned to the same
amplitude point on the resonance curve. A second design
is a bridge-balance detector, which, as the name implies,
uses the loop as one leg of a balanced-bridge circuit. A
vehicle crossing the loop unbalances the bridge circuit;
this produces a change in the signal amplitude that, is
used to indicate vehicle presence. The third type is the
phase-shift detector, which is similar to the self-tuning
type and uses the pavement loop as part of a parallel
tuned circuit. In this detector, however, the change
in the relative phase shift in the tank circuit, which is
produced by a vehicle changing the loop inductance, is
used as an indication of vehicle presence. These various
designs will now be described in detail.

SELF TUNINGDETECTOR

This type of detector utilizes both a pavement loop as
part of a paralel resonant tank circuit and aso a closed
loop feedback circuit, which automatically adjusts a
voltage-tuned oscillator to a predetermined frequency
relative to the resonant frequency of the tank. A change in
the loop inductance shifts the resonant frequency of the
tank, which results in a change in the feedback voltage.
The latter is used to provide an indication of vehicle
presence through the relay and relay-driver circuits. Fig. 2
shows this type of self-tuning loop detector.

The ac voltage versus frequency response of the tank 1S
the familiar resonance curve associated with a parallel
resonant tuned circuit. The frequency at which maximum
voltage occurs is the resonant frequency of the combination
of the loop inductance plus the lead-in inductance, in
parallel with the fixed capacitance of the lead-in and fixed
capacitors in the detector package. The ac voltage across
the tank circuit is rectified, filtered, and fed to one input
of dc differential amplifier. A reference voltage is applied
to the other input of the amplifier and used to establish
the detector operating point on the resonance curve. This
voltage is amplified, passed through a time-delay net-
work, and used to control the frequency of the oscillator.
The polarity of feedback is such that, when the loop
inductance changes, the oscillator frequency will be driven
in the direction that will maintain the same operating
point on the resonance curve (the same amplitude tank
voltage).

Referring to Fig. 3, with no vehicle over the loop the
detector will self-tune itself to point A on the low-fre-
quency side of the resonance peak. A vehicle over the loop
will decrease the self-inductance of the loop, increasing the
resonant frequency from flto f2. This shift causes an
instantaneous decrease in the tank voltage, causing a step
increase in the output of the dc amplifier. This voltage is
delayed by the time-constant circuit before it is applied
to the voltage-controlled oscillator.

The difference between the input and output signal of
the time-delay circuit is derived by the comparator
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Fig. 2. Self-tuning loop detector.

outpPyT

RELATIVE AHPLITUDE

| FRECUENCY

1 f2

Fig. 3. Self-tuning loop operation. Solid line—resonant curve of
tank circuit with no car on the loop; dotted line—resonant curve
of tank circuit with car on loop. A—operating point with no car
on the loop; B—operating point with car on loop; AA—the drop
in relative amplitude; AF—the shift in resonance frequency.

circuit and is used as a pulse presence signal. The difference
between the input and the output signal of the delay circuit
is maximum at the instant a vehicle enters the loop, and
this difference will gradually reduce to zero if the vehicle
remains on the loop. The rate at which the voltage
equalizes depends on the time constant of the delay
circuit and the loop gain of the feedback circuit.

By varving the time constant of the delay circuit, the
pulse presence time can be altered. Typical time constants
used in present-day self-tuning loop detectors are ad-
justable between 10° and 5 X 10* seconds. The loop gain
of the feedback loop reduces the pulse presence time.
Pulse presence times of 10 minutes and 1.2 seconds cor-
respond approximately to delay-eircuit time constants of
10° and 5 X 10 seconds, respectively.

One of the chief advantages of this coneept is that it
completely eliminates the need for manual adjustment or
setup tuning procedures. Upon application of power,
special cireuitry is used to tune the detector to the proper
operating point. A saw-tooth voltage is applied to the
voltage-controlled oscillator which causes it to sweep
upward in frequency, starting at a frequency considerably
lower than the resonant frequency of the tank circuit.
As the frequency of the oscillator increases, the tank
voltage will increase to the point where the tank voltage
equals the reference voltage. At this point, the sweep
oscillator is disconnected, and the feedback loop keeps
the oscillator locked in on a specific point of the tank
circuit resonance curve.
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Fig. 4. Bridge-balance loop detector.

In designing a detector of this type, the @ of the tank
cireuit must be kept sufficiently low, so that the combina-
tion of the lead-in impedance variations plus the maximum
change in loop inductance expected due to the presence of
a vehicle, does not cause the operating point to be forced
over the resonant peak. This would result in positive
feedback, therebv forcing the detector circuitry into
saturation.

BrIDGE-BaLANCE Loor DETECTOR

Another design of the loop detector that has found
acceptance in traffic-control applications is the bridge-
balance technique. This approach, as illustrated in Fig. 4,
employs the inductance of the loop mounted in the
pavement as one leg in a bridge circuit. The other leg of the
bridge is the fixed inductor having approximately the
same inductance and € as the pavement loop.

In some models the reference inductance may contain a
number of taps, and an associated multiposition switeh
serves as a course tuning control. The unbalanced voltage,
developed as a vehiele drives over the loop, is fed to the
input of a high-gain ac amplifier. Two other signals
which serve as fine balance voltages are also fed into this
amplifier. One of the two reference voltages used to
develop the balancing signals is shifted in phase by 90°.
Thus the two balance controls Ry and R» can be used to
balance out both small resistive and reactive differences
between the loop and the reference inductance. In opera-~
tion, the output of the amplifier is nulled by a combination
of switching in the proper reference inductance and
adjusting R; and R.. The gain of the amplifier is then
adjusted so that the passage of a vehicle causes an ampli-
fier output sufficient to activate the level detector, which in
turn energizes the relay driver and the relay.

The main advantage of this type of detector is that the
balance of the bridge is not severely affected by the
oscillator frequency, since the impedance of each leg of the
bridge is affected equally by a frequency change. Hence the
stability of the oscillator is not a prime consideration, and
a good quality design multivibrator design can be substi-
tuted for the crystal oscillator circuit. A second advantage
is that the amplifier used can be ac coupled, eliminating
the complex drift problems and expense associated with de
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amplification. The main limitation and drawback to this
approach is the problem of maintaining a balance in the
bridge due to the inability of the reference inductance to
track the impedance variations in the pavement-mounted
loop due to temperature and humidity changes.

As will be discussed. the loop lead-in has a fixed amount
of both distributed inductance and capacitance, which is
subject to variation due to changes in the amount of
moisture surrounding the lead-in, lead-in placement, and
temperature. Temperature, of course, also affects the de
resistance of the lead-in wire and the loop. which will
tend to unbalance the bridge circuit.

Puase-Sairr CoNCEPT

Among the loop vehicle detectors commereially available
today, the phase-shift technique 1s the most widely used.
Although the detailed ecircuit design varies from manu-
facturer to manufacturer, all phase-shift loop detectors
follow the same design configuration, as illustrated in
Fig. 5.

The loop 1s energized from an osecillator ecircuit. Ior
reasons of stability, this oscillator ix generallv ervstal
controlled. Typical operating frequencies vary between
85 and 115 kHz. The loop is tuned to resonance with
respect to the oscillator operating frequeney by a variable
tuning capacitor connected in parallel with the loop.
This variable eapacitor generally consists of a bank of
fixed capaeitors connected to a set of selector switches,
which in most cases are loeated within the detector itself,
so that actually the inductive portion of the tuned eireuit
includes the selt-inductance of the lead-in,

The phase of the voltage in the loop tank eircuit is
compared to a reference signal derived directly from the
oscillator. Thus when a vehiele moves within the field of
the loop. the tuned cireuit becomes detuned, and the
resulting phase shift will produce a change in output
from the phase-detector cireuit. This output is amplified
by u variable-gain de amplifier. This signal is then fed
into an ac coupled pulse presence circuit. In o number of
phase-shift loop detectors availuble today, the pulse
presence eircuitry cun be operated in various modes which
are seleetible by means of a front panel switeh. These
modes inelude a pulse presence mode, & number of limited
presence modes, and an infinite presence mode. In the
pulse presence mode the circuitry functions as a one-shot
multivibrator and generates a short pulse (3-1 second)
whenever a vehicle moves into the deteetion area and
catses o sharp positive increase in the de amplifier output.
This output pulse drives the relay driver and the relay
contacts close for approximately the same length of time.
The limited presence modes operate essentially the same
as the pulse presence cireuitry, except that the time-out
intervals are longer. Typical interval lengths are 5 minutes
for the short mode, 10 minutes for the medium mode, and
40 minutes for the long mode.

In an infinite presence mode the pulse presence circuitry
functions ax a memory eircuit, which latches whenever o
vehicle enters the loop and remains set until the vehicele
leaves. Thus the detector will produee a continuous
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Fig. 5. Phase-shift loop detector.

output whenever there is at least one vehicle in the
detection area.

An alternate design approach, in lieu of ac coupled
presence circuitry, would be to use a level detector de
coupled to the output of the amplifier. The output of the
level detector would be used to indicate the presence of a
vehiele whenever the vehicle changes the loop induetance
by an amount that causes the output of the de umplifier
to increase bevond a preset level.

This eircuitry, however, could saturate after detecting
one vehicle and could not detect or count the presence of a
second vehiele until the first had left the detection zone.

The primary reason that ae coupled presence circuitry is
generally used in phase-shift-type detectors is the require-
ment for detecting more than one vehiele in the deteetion
area when large or multiple loops are used. The second
important reason for using ae coupled output eircuitry is
that it makes the detector insensitive to slow rates of
change of the lead-in and loop characteristies, within the
suturation limits of the de amplifier.

Puase-DereEcTOoR DESIGN

A key element in the design of a stable high-performance
phase-shift loop detector is a stable phase detector with a
highly linear phase-shift versus output voltage charae-
teristic. If the phase detector is not linear, the ~enxitivity
of the detector electronies will depend on the selection of
the initial tuning point. With a nonlinear phase detector
it becomes possible to accidentally restrict the dynamic
range of the detector by unknowingly selecting an initial
tuning point which falls on a low-gain portion of the phase-
detector characteristic curve, and to compensate by using a
higher amplifier gain than is normally required. As the
loop tank circuit drifts, or as a large number of cars enter
the deteetion arew (if a large loop is used). the phase
detector may shift into a higher gain region. The amplifier
will saturate more quickly than if the phase detector were
linear and a lower amplifier gain were used.

Most phase-shift detectors in use today. including the
Crouse-Hinds LPDP-1, utilize a two-transistor phase
detector of the type shown in Fig. 6. Thix eireuit operates
basically as a ~xaxp gate. The voltage waveform that
appears on the collectors of the transistor ix a square
wave. Its duty evele ix proportional to the amount of
phase shift between the input and the reference signals.

The de integrator circuit, consisting of R; and (Y,
filters this square wave into a1 smooth de voltage. When the
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two input signals are exactly in phase, the detector
produces a maximum output voltage equal to one-half
of V'(Cq. Ideally. the output voltage decreases linearly to
zero when the phase is shifted either forward or backward
toward 180°.

Optimum performance and linearity are achieved if the
phase-detector output is independent of input waveforms
or amplitude. and if the phase detector turnon—turnoff
times are not ~ignificantly affected by variations in tran-
sistor gain.

In some designs involving pulse presence circuitry, it is
recuired that the presence of a vehicle always produce a
positive going voltage. Greatest sensitivity occurs, how-
ever, at the resonance peak where loop voltages are
highest, and where the phase shift reverses from leading to
lagging. Therefore, in some designs a phase-shift network
is inserted between the oscillator and the phase-detector
reference input to shift the characteristic of the detector
output. Thus the detector’s output-voltage change, in
response to a vehicle entering the loop, is always in the
same direction.

LEaD-IN CONSIDERATIONS

As previously mentioned, the lead-in cable forms a
portion of the total loop impedance sensed by the detector.
Because of this, the detector cannot distinguish between
variations of the cable characteristics due to changes in
temperature and the presence of moisture, and changes in
loop inductance due to the presence of a vehicle, except
that the changes due to cable variations are considerably
slower than those due to a vehicle.

The slower changes in impedance due to cable purame-
ters can be filtered out by use of ac coupled detector
circuitry. However. there still remains a limited range over
which drift could be tolerated due to saturation of the
direct coupled elements of the circuitry. Thus the varia-
tion in characteristics of the lead-in represent a busic
limitation on the sensitivity of this type of detector.

The following discussion is an analysis of the factors
involved in the choice of an optimum value of loop in-
ductance for a phase-shift-type detector to maximize
detection sensitivity and minimize the effects due to
variations in lead-in characteristics.

Iig. 7 is an electrical representation of the oscillator,
lead-in, and loop portion of the detector circuitrv. Most
phase-shift detector ecircuits utilize a triple-winding

RS

Fig. 7. Equivalent eircuit of loop tank circuit including lead-in

cable and oscillator.

transformer to couple the oscillator to the loop tank cir-
cuit. The phase difference between the oscillator and tank
circuit currents is detected by the third winding and
fed to one input of the phase-detector circuit. As can be
seen, the detector tank circuit consists of more than the
self-inductance of the loop and the detector-tuning
capacitor.

The self-inductance L., distributed eapacity C,, and
resistance R, of the lead-in wire, plus the resistance of the
loop itself Rr are also involved. An exact analysis of this
equivalent eireuit is complex. However, laboratory tests
backed by computer analysis work have indicated that a
simplified model, shown in I'ig. 8, is aceurate enough to
gain insight into the tradeoffs involved in loop detector
design.

The voltage across the tank cireuit (across Cp) is
given by

V07w
_ Mm[ ‘ (R/RLC + ll/RsC’)jw ]
T L)+ (R/L + 1/RC)jw + (R, + R)/R.LC
(1)
where
R =R,+ R:
C=0+0C,
L = Ly + L.

Sinee circuit @ = 3{, circuit damping { is expressed by
¢ = (1/20) (R/L + 1/R,C). (2)

The highest loop sensitivity (the greatest amount of
phase shift for a fixed change in loop inductance) occurs
when R/L + 1/R.C is minimum. There is, therefore, an
optimum L/C ratio for any given source impedance R,
and total loop resistance R; that maximizes sensitivity.
Differentiating (2) and solving for minimum damping
vields
Lu = (1/21f) (R-R)"™. (3)

If this were the only factor involved in the design of the
loop tank circuit, (3) would specify the optimum value of
loop inductance for greatest sensitivity. However, there
are two other practical considerations that enter into the
optimum choice of an L/ ratio used in the loop tank
circuit. One of these factors is the fact that a portion of
loop tank circuit is contained in the lead-in. If half the
tank inductance is in the lead-in, the net sensitivity
decreases by 50 percent because only half of the loop
circuit inductance is affected by the presence of a vehicle.
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Simplified equivalent circuit of loop tank cireuit.

The amount of self-inductance in commercially available
lead-in cable depends primarily on both the wire size and
the distance between the conductors. The closer the
conductor spacing, the lower the inductance. The amount
of inductance is not significantly affected by humidity;
however, location and installation of the cable ean sig-
nificantly affect the amount of self-inductance. The self-
inductance of commerciallv available lead-in cable
ranges between 10 and 20 xH per 100 feet of cable length.

The other consideration is the amount of distributed
capacitance in the lead-in cable, and the variation of this
capacity with temperature and humidity.

The amount of fixed distributed capacitance in com-
mercially available lead-in cable ranges between 700
and 2000 pIF per 100 feet of cable length. Laboratory
tests indieate that this distributed capacity can vary
as much as 433 pereent due to the presence of moisture.

Because a percentage of the total tank circuit inductance
is in the lead-in wire, the determination of optimum value
of loop inductance involves a tradeoff between obtaining
the highest @ possible and getting the largest percentage of
total tank inductance into the loop itself. The ecircuit
sensitivity, (i.e., the amount of phase shift produced for a
given amount of change in loop inductance) is directly
proportional to the ratio of the loop inductance to the
total tank ecircuit inductance. Thus the total cireuit
sensitivity, Sy, which also is dependent upon cireuit @,
as previously deseribed, can be expressed as

2w Ly

TR/ (Tu+ L) + (L + L) /Re L + In |

Differentiating this expression with respect to L,, and
solving for the maximum value of ASr/AL; vields

Lupt = [(R'Rs/‘*’2)2 + (Lw)2:|1/2~

This formula indicates that, due to the inductance of the
lead-in cable, the optimum value of loop inductance will
always be greater than the value predicted by (3). The
amount of sensitivity lost by using a value of inductance
higher than that which produces the highest @ circuit is
more than counterbalanced by making the loop inductance
a greater percentage of the total tank eircuit inductance.
The situation becomes even more complex, however,
when the effects of capacitance variations in the lead-in
cable are factored in. Tor greatest detector sensitivity it is
desirable to use a value of loop inductance consistent with
{5). On the other hand, because of the capacitance varia-
tions of the lead-in cable, a low L/C ratio is dexirable.
The amount of capacitance in the circuit will then be as
high as possible, thereby making the amount of capacity

Sr

(4)

(3)
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in the cable as small a fraction of the total tank capacity as
possible.

A digital computer was used to generate plots of
detector sensitivity to changes in loop inductance and
lead-in capacitance versus loop inductance. The distrib-
uted capacity and inductance of the lead-in wire were
represented in the model by a 5-section L/C lumped con-
stant network. Three separate cases were modeled, cor-
responding to three separate lengths of lead-in cable; these
were 100, 250, and 750 feet. The computer was pro-
grammed to solve for circuit phase-shift sensitivities for
several specific values of loop inductance. For each value
of loop inductance the value of eapacitance required to
tune the tank circuit to resonance at 100 kHz was com-
puted and used in the simulation. The computer then
solved for sensitivity in terms of the amount of phase
shift for a 1 percent change in loop inductance (A¢/AL),
the amount of phase shift for a 33 percent change of lead-in
capacitance (A¢/AC), and the ratio of these sensitivities
(AL/AC).

For small variations in Ly or (', the amount of phase
shift is linearly proportional to the amount of component
variation and, therefore, the ratio AL,/AC, is a good
indication of the optimum choice of loop inductance.

Circuit values used in these simulations were ax follows:

R, = 500 ohms

R =1 ohm

L, = 20 X 107° henry per 100 feet
C, = 12 X 107¥ farad per foot.

Thus according to (5), values of loop inductanee for
optimum sensitivity for 100-, 230-, and 750-foot lead-in
cables are 40.5, 62, and 157 uH, respectively. Figs. 9
and 10 are graphs that were plotted from the results of
the computer simulation. Fig. 9 is a plot of the tank
circuit phase shift for a 1 pereent change in loop inductance
versus the percentage of optimum loop inductance as
defined by (3).

This graph indicates that the value of loop inductance
that will yield maximum sensitivity as calculated from
(5) is nearly correet in the case of the 100- and 250-foot
lead-in wire. It will be noted that the value of inductance
for which maximum sensitivity oceurs with the 750-foot
lead-in is approximately 90 percent of the optimum value
predicted by (5). This difference is due to the differences
between using a distributed /(" lumped constant network
in the simulation and using the simplified model which
derived (). However, because of the relatively low @ of
the tank circuit, the change in sensitivity versus in-
ductance curve, particularly in the case of the 750-foot
lead-in, 1s reasonably flat in the area of 100-percent
optimum loop inductance. Consequently, the difference in
gain at the actual optimum inductance and the predicted
value is only 8 percent. Another important consideration
in selecting the optimum value of loop inductance is the
effect of the variation in tuning due to the variation in
lead-in distribution capacitance.

The factor that becomes important when lead-in
capacitance variation is considered is not the maximum
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Fig. 10. AL/AC sensitivity versus percent optimum loop induct-
ance for varions lead-in Iangths. f = 100 kHz, AC = 33 percent.

change in phase for a given percentage change of loop
inductance but rather the ratio of the inductance phase
shift versus the capacitance phase shift. If detector
amplifier drift is not a factor, then the amplifier gain can
be increased to compensate for any loss in inductance
phase-shift sensitivity loss, to achieve a higher AL;/AC,
ratio.

Fig. 10 is a plot obtained from the computer simulation
of the detector tank and lead-in circuits. As ean be seen,
the highest ratio of induective to capacitive phase-shift
sensitivity occurs between 20 and 60 percent of the
optimum value of loop inductance, depending on the
length and characteristics of the cable. Location of these
peaks are dependent on the amount of capacitance in the
cable and the ratio of the capacitance variation to the
total tank capacitance. If the expected capacitance varia-
tion is different from 33 percent, then the shape of the
curves in Iig. 10 would be different. A smaller change
in cable capacitance would shift the peak of the curves
to the right toward a 100-percent optimum loop induct-
ance. Obviously, if the capacitance variation were zero,
then the results shown in Fig. 9 could be used to deter-
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Fig. 11. Vehicle simulator being used to check the sensitivity of

a phase-shift loop detector.

mine the best value of loop inductance. Admittedly, these
results are for a specific ecase. However, they do indicate
a general trend, that as the amount of the cable capaci-
tance variation increases, the optimum value of loop
inductance decreases.

Loop SIMULATOR

One important performance parameter of any vehicle
detection system is its sensitivity, i.e., the ability to
detect a wvehicle of preseribed minimum size and/or
maximum chassis height above the pavement. One method
of evaluating detector sensitivity would be through the
use of an actual installation which involves a pavement-
mounted loop connected to the detector under test and
actual test vehicles. This approach, while it does test the
detector circuitry under the most realistic circumstances,
is understandably difficult and expensive to practice.
Another problem is that it is difficult to extract any
quantitative data or repeatable results from this technique.

One method that has been used successfully to simulate
the loop vehicle interface in the laboratory is to use the
simulator illustrated in Fig. 11. This simulator, shown
to the right of the loop detector, consists basically of a
wooden frame on top of which is mounted an air core coil.
This coil consists of 12 turns of no. 14 AGW wire, and its
inductance 1s 79 uH. The wooden frame consists of several
slots, which are spaced 3 inch apart and perpendicular to
the axis of the coil. The entrance of a vehicle into the loop is
simulated by inserting a 'r-inch steel plate into the frame.
The spacing of the metal plate and the coil has been
correlated with the presence of a vehicle over an actual
loop for a given percentage change in loop inductance;
a standard American passenger car over a 4- by 6-foot
loop corresponds to a 2.5-inch spacing between the plate
and the test coil. The loop simulator has proven to be a
useful tool in making convenient comparative measure-
ments between various detector circuit designs.

SUMMARY

Electromagnetic loop detectors have a number of
operational advantages that malke them ideally suited for
application in today’s electronic traffic control systems.
Among these advantages are both a well-defined detection
zone and also a relatively low-cost and straightforward
electronics. A number of loop detector designs have been
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developed. However, they all operate on the common
principle of a change of inductance of the pavement loop
by the presence of a vehicle. Designs include self-tuning,
bridge balance and phase shift.

The parameters of the lead-in cable, in particular the
variation of self-capacitance and inductance of the
cable, is the primary limitation to the sensitivity of these
types of detectors. For any given cable, with known self-
inductance and variations in distributed capacitance, there
is an optimum value of loop inductance which maximizes
detector sensitivity to vehicles and, at the same time,
minimizes the drift effects of changes in lead-in capaci-
tance.
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Radar, Acoustic, and Magnetic Vehicle Detectors

JOHN 1,. BARKER, SENIOR MEMBER, |EEE

Abstract-Three different physical phenomena are discussed
as agpplied to the detection of roadway vehicular traffic. These de-
tectors are the input data sources for vehicle-actuated traffic signa
light control mechanisms, control systems, freeway surveillance,
and statistical analysis. Radar detectors using microwave radio
frequencies in the 25-10 MHz are discussed with regard to operat-
ing principles, design consideration, and practical application.
Similarly, acoustica detectors operating in the 20-kHz range and
low-flux dendity change magnetic detectors are discussed. A com-
parative andysis is made of radar, acoustical, and magnetic de-
tectors, as well as mechanical, magnetic, induction, and optical
detectors.

|. INTRODUCTION
A. Vehicular Detectors-Radar, Acoustic, and Magnetic

INCE THE LATE 1920s there has been a continual

increase in the need for the automatic detection of
vehicular traffic to provide inputs to equipments used to
solve statistical and operational traffic problems. Engineers
have thoroughly searched a wide range of physical
phenomena, from the use of purely mechanical equipment
through the more electronically oriented devices using
acoustic, radio frequency, optical, and magnetic phe-
nomena. This paper, while primarily restricted to radio-
frequency radar. sonic or acoustical, and direct magnetic
means for the detection of vehicular traffic, should in no
way be considered as a complete coverage of vehicular
detectors. Other papers in this special issue will cover
other approaches or concepts.

Manuscript received July 16, 1969; revised October 9, 1969.
T he author iswith the LFE Corporation, Fast Norwalk, Conn.
06856.

One of the prime requisites for a simple form of vehicular
detector is that the device does not require cooperative
equipment in the vehicle. While equipments which can
cooperate between the vehicle and the detector offer
extended data-gathering capability, the simpler types of
detectors discussed here will continue to be used for at
least the next generation since cooperative equipments
will have to be phased on a redistic time and economic
basis.

A traffic detector, in generd, is defined as a device which
indicates when a vehicle moves by, or through, a selected
point or area. This information is sufficient for the opera
tion of vehicle-actuated traffic-signal-control equipment;
such information is also sufficient as an input for the
operation of simple count-type data mechanisms for
planning purposes, etc. In general, “sensors” may be
defined as special detectors which not only note the
presence or passage of a vehicle but also provide an
indication or measurement of the speed of the vehicle.
Some types of sensors lend themselves to direct speed
measurement, while others use two detectors longitudinally
displaced in the line of travel of the vehicle; i.e., they
measure the elapsed travel time between the two displaced
units.

An additional requirement of detectors from the traffic
engineering standpoint is the determination of the direc-
tion in which the vehicle travels over or past the detector.
This was of prime importance in the early days of vehicle-
actuated traffic signals when streets were narrow and
highly crowned, and people rode in the middle of the road
whenever possible. Today, directional detection is needed



BARKER: RADAR, ACOUSTIC, AND MAGNETIC VEHICLE DETECTORS

rather infrequently, except where the direction of traffic is
purposely reversed on a roadway in order to optimize the
number of travel lanes in accordance with the traffic
demand.

B. Environmental and Application Design Criteria

The evolutionary development of detectors for vehicular
traffic has grown from the simple pressure contact type
(operated by the weight of the vehicle going over some
form of treadle in the roadway) through to more sophisti-
cated field-responsive detectors. Development followed
the progress of the electronic industry, beginning in the
lute 1920s and accelerating at an ever increasing pace
during and following World War 1l. Placing these devices
in the relatively hostile environment near or in the
roadway, where they were subject to the associated wear,
temperature, moisture, and contamination problems, quite
naturally slowed the development somewhat’. Each timea
new device using a new phenomenon was developed in
response to new needs or shortcomings of previous types,
the device developed its own set of problems. The early
use of vacuum tubes taxed the capabilities of designers to
the limit to secure reasonable life expectancy or mean
time between failures (MTBF). Later, the transistor
challenged the engineer to make this inherently thermally
sengitive device into a practical field component’. All the
devices covered in this paper have responded to good
engineering to produce satisfactory detectors.

All of the detectors to be described in this paper have
been developed by manufacturers who supplied equipment
to vehicle traffic signal and surveillance customers,
such as cities and states. In most cases the specifications,
etc., have been developed by the cities and states to meet
their particular requirements, and most state highway
departments have specifications for these units. Relatively
broad specifications can be found in [I], [2]. Most
manufacturers have available proposed specifications for
each of their units, and specific details can be secured by
writing to them.

Common electrical design requirements are essentially
tied in with the application environment in which the
detectors will be used, and are as follows:

1) operation over the limit of a 100- to 13.5volt varia-
tion in the 60-Hz power supply,

2) derating, selection, and judicious use of electrical
components to provide a MTBF of four years,

3) derating and circuitry design to allow for operation
over temperature extremes from -30 to + 180°F (the high
temperature of 180°F is required because of the more than
60° rise in temperature inside the weatherproof housing
when mounted in direct sunlight,

4) operation in relative humidities of 0-98 percent,

5) stable operation for power supply interruptions up
to 1/2 second and for short ~ overvoltage transients as high
as +50 percent over the line voltage (one of the most
annoying electrical problems relates to the noise immunity
which must be secured with regard to line voltage tran-
sients) .
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Il. RADAR VEHICULAR DETECTORS

A. Continuous Wave Radar Detectors

1) Principple of Operation: The development of micro-
wave radar during World War Il made available a prac-
tical tool for the detection of vehicular traffic. In its
simplest form, microwave energy is broadly beamed on an
area of roadway from an overhead antenna, and the reac-
tion of the vehicle on the energy is detected. By direct
comparison of the transmitted energy with the reflected
energy from a moving vehicle, a Doppler beat note can be
detected which in turn can be used to operate an output
device. Use of continuous nave (CW) transmission and
reliance on the use of a Doppler signal from the return
wave eliminates the need for any gating or distance
measurement and thereby provides a simple detector
which is responsive to vehicles moving through the field

The Doppler beat note for a 2.45-GHz radio frequency
(RF) is approximately 7.3 Hz per mile per hour, cor-
responding to vehicle movement in line with the RF
transmission. The configuration of the antenna mounted
over the roadway and beamed essentially down on the
roadway, either slightly toward oncoming traffic or
toward departing traffic, subjects the resultant Doppler
to a reduction by the cosine of the angle between the
direction of travel of the vehicle and the direction of the
propagation of the RF wave. With the speeds V expressed
in miles per hour and at 2.45 GHz the formuia for the
Doppler beat note Fo is

Fo = 7.31V cos 0.

Under these conditions a vehicle traveling under the
antenna will intercept waves such that the cosine of the
angle goes through 90°. The resultant’ Doppler frequency
response in the detector goes through very low values
approaching zero, regardless of the speed of the vehicle
under the antenna. By limiting the maximum frequency
response of the receiver to a very low value on the order
of 7 Hz, the unit can be made to respond only when vehicles
travel under the antenna.

The antenna assembly conveniently may be a broadside
multiple dipole array, designed to provide radiation
patterns having from 20° to 60° between half-power
points. Thus the antennae can be mounted at a convenient
height of 16-20 feet above the roadway and still illuminate
from one to three lanes of traffic.

2) Electrical Design Requirements: The RF requirements
for the transmitter were established in the late 1940s
in the 2.45-GHz range. This was selected because the
Federal Communications Commission (FCC) had tem-
porarily allocated an industrislkcientific-medical (1SM)
band in this region of the spectrum in which broad and
relatively simple licensing procedures applied. Output
power in the range of 0.025 to 0.1 watt, was obtainable
through the use of coplanar triodes (lighthouse). Early
versions suffered somewhat in reliability from the var-
iability in life of these microwave oscillators. However,
application of World War Il techniques with regard to
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A

Fig. 1 Instalation of separateradar detector antenna.

rugged long-life tubes now provide tubes which will
provide a MTBF of four years.

FCC licensing procedures allow for any number of these
units to be licensed under one common license by any
jurisdictional entity such as a state, county, or munici-
pality. The frequency stability requirements require
that the oscillator remain within the ISM band which at
this frequency is 50 MHz wide. Designs are actually
stable within +5 MHz. The power output requirement
for simplified licensing is dictated by the FCC clause
“not to exceed a 3-watt input to the final stage.” The
normal design requirements have been covered in the
Introduction and Section I-B.

3) Electrical Hardware Configuration : The hardware con-
figurations have been determined mostly by customer
requirements depending upon whether they wanted a
completely self-contained unit mounted above the roadway
or whether it was desirable to have the electronics package,
less the antenna, separated and mounted at the side of the
road for maintenance purposes.

Fig. 1 shows a typical antenna mounted over the road-
way with vehicles passing under the unit. Fig. 2 shows the
general detail of the antenna and the fitting for mounting
it on a conventional mast arm. The broadside array
radiates through a plastic radome which is the large flat
surface.

4) Circuit Operation : An early version of a simple CW
radar detector isshown in Fig. 3. The mixing of the
transmitted and received waves to detect the Doppler
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Fig. 2. Radar antenna assembly.

note can be made directly in a lighthouse tube oscillator
V101. The Doppler signal can be extracted at either the
anode or grid circuit, although the latter is generally
preferred as there is a considerable improvement in the
signal-to-noise ratio.

Of electrical interest is the first stage V102, a modified
Wein bridge filter tuned to approximately 5 Hz. The
sensitivity control R142, in conjunction with the antenna
beam pattern, is used to adjust the lateral-lane coverage.
Tube 104 provides rectification of the low-frequency
Doppler beat note, and V105 responds to the detected
signal to produce an output through the closure contacts
on relay K101. The particular version shown in Fig. 3
provides multiple output pulses in response to a closely
spaced series of low-frequency Doppler signals. This
enhances the use of the unit for applications using rela-
tively sophisticated vehicle-actuated traffic signals.

A more recent unit is shown in Fig. 4. The electronics
are transistorized, except for the microwave oscillator.
The functional operation of the unit can be traced similarly
to the early tube version shown in Fig. 3. The similar
portion is in the top two thirds of Fig. 4. The bottom one
third of the circuitry of Fig. 4 shows an additional feature
of the unit that allows sensing of the oscillator RF voltage
by the dc bias developed at the grid of V101. Reduction of
this voltage below some preselected level provides means
for failsafe operation for traffic-signal applications.

B. Speed-Responsible Radar Sensors

The most common form of the vehicle radar speed
sensor is the famous, or infamous, radar speed meter.
This device is constructed electrically the same as the
simple radar detector just described with the following
major exceptions: first, the RF signal is kept in line with
the direction of travel of the target vehicle, with the cosine
of the angle very close to 1.0; and second, there is a substi-
tution in the output of a frequency meter calibrated to
read linearly in miles per hour.

Another form of speed sensor which is automatic
(to be described in the following paragraphs) provides an
output pulse length inversely proportional to speed.
This form of output is readily transmitted over conven-
tional telephone lines and is in a form desired for proc-
essing in central processing computers.
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1) Principle of Operation: This speed-responsive detec-
tor or sensor produces a Doppler signal which includes a
low-frequency portion, indicative of the detection of a
passing vehicle and a high-frequency portion, indicative
of the speed of the passing vehicle. The Doppler signal is
divided into its two portions, and the high-frequency
speed portion 1s blocked until the low-frequency detection
portion has terminated. The speed portion is then received
while the vehicle travels a known distance. The length of
time required for the vehicle to travel this distance is
a measure of the vehicle speed.

As shown in Iig. 1, the radar sensor antenna is located
over the roadway in exactly the saume manner as for the
simple CW radur detector, with the additional restriction
thut the beam be directed downstream in order to provide
the sequence of low-frequency Doppler signals followed
by the high-frequency Doppler signal.

Cireuit diagram of CW radar sensor.

The following is the sequence of events in more detail.
The low-frequency signal, as the vehicle goes under the
detector, provides a jumping-off point to determine
when it will be acceptable to measure a Doppler beat
signal. which is more nearly representative of the speed
of the vehicle, so that reasonable accuracies can be ob-
tained in the measurement. This also provides the neces-
sary logic which will allow the measurement of the speeds
of successive vehieles traveling at short headways. The
length of time the low-frequency signal exists is thus used
to determine a first-order vehicle-travel distance measure-
ment which, in turn, determines the beginning of the
actuul speed-measurement operation. The speed-measure-
ment operation is actually earried out by measuring the
amount of time required for the reception of a given
number of Doppler beuats; this time value, therefore, will
bear an inverse relationship with the speed of the vehicle.
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The parameters of the equipment are chosen such that a
selected number of beats are always mensurcd for vehicles
traveling the same in-line section of roadway. The ap-
plicable cosine function is incorporated in the trandation
of the output pulse length into speed by the central
processor or receiving equipment.

2) Electrical Design Requirements: The electrical design
requirements of the radar speed sensor are essentially
those of the simple radar detector covered previously but
with two main exceptions. First, the device requires an
elliptical antenna pattern; even though only one lane
of the roadway is illuminated, this must extend for a
considerable distance downstream in the direction of
travel. A convenient antenna pattern employs half power
points of 20 and 90°. Second, considerably more logic is
needed in the processing of the Doppler beat, note, ascan
be seen in Fig. 5 whichis essentially block dingrammed
for ease of understanding. The unique transistorized
circuits which are employed are shown in more detail in
Fig. 6. The more conventional logic blocks such asflip-
flops, Schmitt’ triggers. gates, etc., have not been exploded.

3) Electrical Hardware Configuration : The hardware con-
figuration is essentially the same for the radar speed-
responsive sensor as described for the simple CW radar
detector.

4) Circuit Operation: The circuit operation can best, be
traced by reference to Fig. 5. First-order speed approxima-
tion is derived from the combination of low-pass amplifier
26, which looks at the low-frequency Doppler beat note as
the vehicle passes under the antenna. Rectifier-% output
is time measured by gated integrator 30 such that the
speed-measuring circuit is cocked by means of Scmitt-
trigger 32. The turn-on is accomplished by the resetting
of integrator 30 and Schmitt-trigger 32. which operates
the “set” input of flip-flop 40.

The circuitry provided in AND gate 64 and integrator
66 to the disenabling input of gated integrator 30 provides
the reset of gatecl integrator 30 so that, it is possible
to concurrently have a vehicle under the detector pro-
viding a low-frequency output to determine the next
point at which a speed measurement should be taken.
At the same time it allows a speed measurement to
be made in the integrator-.% circuitry by a preceding
vehicle. This allow the separate speed measurement of
vehicles traveling at short headways. Integrator 66
essentially counts the Doppler beats as the vehicle
travels from directly under the antenna to the point,
selected for the initiation of the Doppler-beat counting
for the speed measurement.

When flip-flop 40 is turned on, it enables AND gate 50
to initiate the counting of the required number of pulses
to provide the proper output pulse length. Prior to ano
gate 50 being enabled, the band-pass filter 42 passes the
higher frequency Doppler signals to AND gate 44 which
wax also enabled by its other input from the flip-flop-40
terminal 8. The output of AND gate 44 is squared by
one shot 46 in order that the pulses may be readily
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counted. After being transmitted through AND gate 50 a
fixed predetermined number of pulses are counted in
integrator 54, which determines the length of the output
pulse. Schmitt-trigger 56 is turned on as soon as integrator
54 shows that it has received one pulse; it remains ener-
gized until the sequence is terminated. thus providing
adcat its output, inversely proportionate to the speed.
Schmitt-trigger 58 senses when integrator 54 has counted
the required number of Doppler beats and thus reset's
flip-flop 40 preparatory to the next speed measurement,.
As shown in Fig. 5 the resetting of flip-flop 40 resets
integrator 54 to zero and, therefore, Schmitt-trigger 56.

Ill. AcousTICAL VEHICULAR DETECTORS

Acoustical energy has been used as a sensing means for
vehicle detection in a number of different. ways. Some
early devices were nothing more than amplitude-responsive
units which were located near an actuated signalized
intersection and required that the vehicle operator co-
operate by blowing his horn in order to produce an output
from the device. Seedless to say, this was not looked on
favorably by the public. To circumvent the annoyance
problem, a design, which was used quite extensively for a
number of years, had a resonant steel cylinder mounted
just under asteel plate at the surface of the roadway.
The weight of the vehicle passing over the steel plate
deflected it such that it mechanically banged the resonant
cylinder. A microphone was coupled acoustically to the
cylinder to provide an electrical signal. The signal was
then amplified to produce an output pulse. This detector
involved extensive installation costs and was subject to
considerable maintenance because of the steel plate at the
surface of the roadway.

Recent developments have produced acoustical de-
tectors having none of the previously mentioned dis-
advantages. These units have been made in two types,
both of which use supersonic transmitters and receivers.
One type employs the Doppler shift due to the movement
of the vehicle in the radiated energy to provide a detector
output pulse, and the other type uses well-known radar or
sonar pulse techniques.

A. Movement-Responsive Acoustical Vehicular Detectors

Acoustical vehicle-motion detectors operate on the
Doppler principle. Detection of vehicle motion is accom-
plished by sensing the shift in the frequency of a tone,
which occurs when the tone is reflected from a moving
vehicle. The detector uses sound waves at a frequency
above the normal audible range. These waves, commonly
referred to as being ultrasonic, are propagated through
the air.

1) Principle of Operation: The transceiver produces a
signal, at approximately 18 kHz, which is beamed from an
ultrasonic transducer into the zone where vehicle detection
is desired. The presence of a vehicle in this zone causes the
beam to be reflected back to a separate receiving trans-
ducer. If the vehicle is stationary, no shift in frequency
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Fig. 7. Installation of motion acoustical detector.

occurs. However, if the vehicle is moving, the reflected
signal has o different frequency than thut of the trans-
mitted signal, due to the frequency shift created by the
Doppler effect. The shift in frequency is directly propor-
tional to the vehicle speed. When the received signal is
subtracted from the transmitted signal, a difference
frequency, which is equal to the frequency shift, is de-
veloped. The presence of this difference-frequency signal
is interpreted as an indication of the presence of a moving
vehicle.

The detector consists of an electronic transceiver and a
sensing unit. The sensing unit contains two transducers,
one for transmitting and one for receiving. This sensing
unit may be located on a mast arm or a span wire over the
traffic lane (see Fig. 7), or it may be mounted by the side
of the traffic lane on a structure at the shoulder of the road.
The sensing unit is connected to the electronic transceiver
which may be remotely loeated in a weatherproof cabinet.
In normal instullations the sensing unit is aimed toward
the oncoming tratlic. For detection to oceur, the vehicles
must have a motion component in the direction of the
transducer beam. When the sensing unit is pointed
toward approaching traffic, the signal reflected from a
moving vehicle is shifted higher in frequency. Signals
reflected from departing traffic are shifted lower in
frequency. By detecting only signals shifted higher in fre-
queney and ignoring all other signals, directional detection
is obtained.

2) Electrical Design Requirements: There are two unique
electrical design requirements for the acoustical vehicular
detectors. First, the transmitter output to the transmitting
transducer should be approximately 5 volts into 10 chms
at 18 kHz to provide overall system signal to noise re-
quirements in the ultrasonic range. A highly efficient
electromechanical transducer is required to provide the
electrical to acoustical energy transfer for propagation
of the wave in air and, conversely, the conversion of the
received acoustical energy to electrical energy. Second, the
transmitting and receiving transducers should have a
beamwidth of a minimum of 20° to half-power points.
The normal environmental requirements were deseribed
in the Introduction.
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Fig. 8. Block diagram of motion acoustical detector.

3) Electrical Hardware Configuration: Fig. 7 showszthe
installation of the transducers in a common housing
mounted over the roadway. An alternate method of
installation is to mount the transducers at the side of the
road, angled between 45° and 60° from the line of traffic
flow, depending upon whether dual-lane or single-lane
detection is desired. For side-fire mounting, the unit
should be mounted approximately 6 to 8 feet above the
roadway surface. A 2-conductor shielded pair is run from
both the transmitter and receiver transducers to the
electronic equipment which can conveniently be mounted
up tu 200 feet from the transducers.

The electronic packaging is completely self-contained
and includes two printed circuit boards, one for the power
supply and one for the transmitter. The calibration and
sensitivity-adjusting knobs are mounted on the front sur-
face of the unit, and a suitable AN connector is provided
for ease of installation and replacement of the unit. The
electronics packaging is in a sheet metal case approxi-
mately 2 inches by 8 inches by 8 inches, which is suitable
for mounting in conventional weatherproof outdoor
housings.

4) Circutt Operation: The circuit operation of the acous-
tical movement-responsive detector can best be understood
by reference to Figs. 8 and 9. To simplify the tracing of the
cireuit operation, the following may be noted.

1) The tuned circuit between @1 and @2 has a bandpass
of approximately 2.5 kHz with the low end of the passband
such as to reject to a large degree any signals which have a
negative Doppler shift, namely, below 18 kHaz.

2) The rectified output from 7'2 and the diodes includes
only the resultant Doppler beat note which is in the
range of 0 to 2.5 kHz.

3) The operation of gate Q7 provides a minimum
threshold level to insure that a satisfactory target signal is
being received.

4) The combination of @8, @9, and Q10 has been
arranged to provide a clean off-on action of the output
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circuit by toggle action and by incorporating the following
delays: a delay in the amount of time that a signal must be
received before it is recognized as a true signal, and a
second delay which allows for short interruptions in the
signal before the output circuit is returned to its normal
off position. This circuitry thereby takes care of short
transient signals which may be spuriously introduced in
the receiving transducer from environmental noise.

B. Presence Responsive

The presence-responsive acoustical vehicular detector
operates in the same manner as conventional radar and
sonar equipment except that the transmitted energy
packet is in the low-supersonic 19-kHz range. The time for
the round trip of the transmitted signal to the target
vehicle and the reflected signal back to the receiver is
measured. Any target within the gated range will produce
an output. A single transducer can be used for both the
transmission pulse and the received signals.

1) Principle of Operation: The velocity of sound in air
of approximately 1 ft/ms is used to range gate whether a
target is located within a selected distance from a trans-
mitter-receiver unit. A short pulse of 19-kHz energy is
transmitted through an electromechanical transducer.
The transducer is similar to conventional high-frequency
tweeters used in high-fidelity audio systems except that the

Circuit diagram of motion acoustical detector.

upper frequency range of the units is extended. The
energy is beamed either from over the roadway, as shown
in Fig. 10, in which case a vehicle traveling between the
roadway and the unit is detected, or from the side of the
roadway, in which case the unit sees a vehicle which
travels inside of the selected detection range. The received
signal from the target vehicle is amplified to a sufficient
level for processing and is gated with respect to time so
as to only receive signals in the selected target area. The
received signals which oceur in the selected target range
are detected and operate an output work circuit.

2) Electrical Design Requirements: The general electrical
design requirements for the presence-responsive unit
are covered in the Introduetion. Transducer requirements
are the same as for the movement-responsive acoustical
detector. The inherent directivity of high-frequency
transducers has been contrary to the desired broad
pattern required to properly illuminate the roadway with
acoustical energy. Fig. 11 shows the transducer; of
significance is an acoustical lens which has been placed in
front of the transducer element. This modifies the nomi-
nally circular-beam pattern of about 18° between half-
power points to an elliptical beam in the direction of
travel along the roadway of approximately 18° but with a
beamwidth laterally across the road of approximately
30° between half-power points. This improves the pattern
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Fig, 10. Installation of presence sonic detector.

so that two lanes of traffic may be covered with one
transducer.

3) Electrical Hardware Configuration : For the presence-
responsive acoustical detector, it is essentially the same
as that, described for the movement-responsive acoustical
detector. The major difference is that the transducers
associated with the presence-responsive units are beamed
either straight down or perpendicularly across the roadway
at the vehicles. This insures that a minimum Doppler
shift is imparted to the received signal and thereby allows
a narrow bandwidth to bo used in the receiver with its
associated signal to noise improvement.

One of the mechanical design problems with regard to
the transducer is the protection of its mechanical assembly
from dust, and dirt. A fine-mesh screen, approximately
30 to the inch, placed in front of the transducer-element
orifice provides suitable protection, athough it is necessary
t o periodically clean the screen i n an extremdy dirty
environment.

4) Circuit Operation : The circuit operation can readily
be traced in Fig. 12. For convenience the three major
sections of the electronics hare been shown in the one
figure. The top circuit of Fig. 12 comprises the oscillator
and modulator section of the unit. Transistors Q14 and
Q15 provide the repetition rate for the transmission pulse
and the receiver gating. The repetition rate is 80 ms. Q13
is the 19-kHz oscillator for generation of the supersonic
energy. QI2 provides a short unclamped pulse of 3 ms at
the beginning of each repetition-rate cycle to turn on
modulator Q11 The short burst of 19-kHz energy having a
pulsewidth of approximately 2 /2 msisamplified by tran-
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Fig. 11  Presence some detector transducer

sistors Q10 and Q16 for transmission to the final trans-
mitter driver.

The receiver portion of the unit is shown inthe center
of Fig. 12; in addition to the receiver. It includes the
final drivers Q10 and Q14 which provide the energy
directly over cablesto the transmitting receiving trans-
ducer The received signal is coupled through transformer
T10 to a tuned amplifier comprising transistors QIl,
Q12, and Q13. Back-to-back diodes D10 and D11, shunting
the output of transformer T10 reduce the amplitude of
the transmitted pulse to a value which will prevent
blocking of the receiver. The gain-set potentiometer
between transistors Q12 and Q13 is provided to alow the
receiver to operate at maximum gain commensurate with
local environmental noise. In most applications no
reduction in gain is necessary. The output of Q13 drives
the range gate and output circuitry.

The range gate and output portion of the circuit is
shown in the lower third of Fig. 12. Transistor Q14, in
conjunction with resistor R14 and capacitor C12, provides
a short pulse at the beginning of the transmission pulse,
which lasts fur approximately 10 ms, to the base of Q13.
The range-set potentiometer R151 adjusts the magnitude
of this 10-ms pulse between a selected 4-to-24-volt pulse
level. This pulse at the base of transistor Q12 resets
paralel capacitors Cl4 and C15, during which time Qllis
held conductive. Q10, a gated amplifier in the receiver
circuit, is thus clamped. The time delay required to charge
Cl4 and CI5 viaresistor R12 provides a time-gating pulse;
during this time, transistor-Q11 gate is unclamped. The
length of the gating pulse for receiver enabling ranges
from 5 to 55 ms and begins approximately 10 ms after
the beginning of the transmission pulse. Therefore, during
this 10-ms period the output circuits of the range gate
and output’ board are shut off so that the transmission
pulse will not operate into the output. The received signa
from the receiver portion of the unit is applied to the
gnted amplifier Q10 which is, in turn, connected to ampli-
fier Q15. Any signa in the receiver during the selected
receiver gating range is rectified by diode 014. The
rectified output of diode 014 is amplified by transistors
Ql6, Q17, and Q18 to operate the output relay and its
associated output circuit. The output response switch
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S10 provides the means whereby the received pulse may
be maintained from one repetition cycle to the next.
The variable nature of the target value of a vehicle is apt
to make some of the received pulses quite low in amplitude,
and the selected capacitors on output-responsive switeh
S10 provide some delay in turning off the output circuit
after it has once received a true target signal.

IV. Mag~NETIic VEHICULAR DETECTORS

A. Rate-of-Field-Change Responsive

Ferrous materials in vehicles carry along with them the
equivalent of o localized distortion of the earth’s magnetic
field. Magnetic-flux changes in sensing coils in or near
the roadway provide a ready method of measuring
vehicle movement past them. The first magnetic detectors
were constructed in the late 1920s using sensing element
coils and cores having 1 to 3 ft? dimensions which operated
into sensitive galvanometer contacting devices. These

Crreuit of presence ~onie detector.

proved eostly to manufacture and install and were subject
to considerable maintenance due to the sensitive galva-
nometers which were required. The advent of vacuum
tubes of reasonable reliability in the early 1930s opened
up the use of magnetic vehicular detectors since electronic
circuitry could be substituted for the galvanometer
while still maintaining the desirable feature of an inert
sensing coil in or near the roadway.

1) Noncompensated Magnelic Detector: The differentia-
tion between noncompensated and compensated magnetic
detectors is one of definition of the size of the area to
which the senting element is responsive. A noncom-
pensated unit will in general respond to flux changes
in an area as large as 15 feet in diameter. Thisx gives
it the ability to cover a large area (three lanes) of a
roadway but with only the capability of noting if there
is a vehicle or vehicles moving into or out of the area
and not how many. This coarseness of detection is ample
for use with traffic-actuated signal controllers of the less
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sophisticated type. This will be discussed later in more
detail. However, it can be said now that the large area of
sensitivity leaves the system open to false actuation by
flux changes other than those due to vehicle movement.

a) Principle of operation : A widely used embodiment
of the noncompensated magnetic vehicular detector uses a
sensing element comprising a multiturn coil of wire wound
on a ferromagnetic core and having dimensions of about
2 inches in diameter and 18 inches in length (60 000
turnson a +-inch diameter hypernik). It operates much
like the magnetic mines of World War Il. The unit is
placed under or in the roadway, and as near as practical
to the path taken by the vehicles to be detected. Satis-
factory operation is available for most any orientation of
the magnetic element axis, although there is somewhat
more consistency to the response if the magnetic axis is
operated verticaly. The vertical component of the
earth’s field is much more uniform in the US. Also, the
remnant magnetic effect in the vehicle, resulting from the
history of its turning corners, is considerably nullified.
(The horizontal signature of a vehicle is quite complex,
many times appearing as a number of separate dipoles
which are subject to complete reversal as a car bangs
down a roadway after making turns in the north-south
oriented earth’s field.)

Flux-density changes of the order of 10 Wb/cm2 are
normally experienced in a unit as just described, when a
vehicle passes over it. These produce peak output voltages
at the terminals of the sensing coil from 0.002 to 0.05
volt, depending upon sensor configuration, sensor loca-
tion. and vehicle signature. The ranges of signal amplitudes
for different vehicles may be as large as8 to 1 in what
otherwise is a constant situation.

As a vehicle travels into the sensor’s area of detection,
the time-output trace of the signal rises in @ modified
exponential manner while the vehicle approaches the
sensor. It reaches maximum value then falls to zero as the
vehicle produces the maximum flux through the sensor.
Then there is a negative signal which decays exponentially
as the vehicle recedes from the sensor. For any one
vehicle maintained in the same magnetic state the usual
inverse square and cubic equation relationships can be
caculated, but the variability of magnetization of vehicles
practically precludes the use of mathematical analysis.

The basic frequencies involved in the trace signature of
a vehicle are proportional to the speed of the vehicle
going by the sensor. The range of the basic frequencies
varies from 1/4 to 40 Hz for vehicles traveling between 3
and 70 miles per hour.

The electronic responsive mechanism is essentialy a
signal-level sensitive device set to be triggered above
some minimum signal which produces an output work
pulse. Some integration of the signal is carried out in the
electronics as the total flux change is constant for any
one vehicle. To a large degree, this removes the rate of
flux-change factor resulting from the speed variations
over which the detector must operate.
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b) Electrical design requirements: These requirements
of the sensing element of a noncompensated magnetic
detector require basically that a signal voltage level be
generated of sufficient magnitude to foreshadow the
nominally experienced noise signals encountered in the
environment of roadways and traffic-signal-controller
mechanisms. Experience has shown that the signal level
must be a minimum of 0.002 volt into 1000-2000 ohms
to insure against noise disturbances induced in the
installation and wiring by other adjacent electrical
circuits. Also, the electrical portion of the sensing element
must be insulated (approaching a MO) from ground, as
ground potentials due to electrolysis or voltage drops will
provide false signals in the cabling.

The electronic-responsive device connected to the
sensing element requires al of the general items listed
in the first part of this paper; a few that are of unique
interest to this specific detector are the following. First,
the responsive passband of the unit must be peaked around
1/2 Hz and must fall off linearly to at least 30 dB down at
40 Hz and to 60 dB down at 60 Hz. The later 60-Hz
attenuation is required to eliminate the relatively large
induced noise signals from adjacent power circuits.
Second, the long-term stability of the amplifier must
be self-adjusting. This has been accomplished by using
resistancecapacitance- (RC) coupled amplifiers. This,
plus the low pass of the amplifier, necessitated the use of
the best capacitors and unique coupling circuitry. Third, a
long MTBF was secured by operation of al elements and
especialy the vacuum tubes a, far below nomina ratings.
For example, tubes having ratings of 3 mA at 150 volts in
the anode circuit are operated at 0.03 mA and 30 volts
with related dernting of heaters, etc.

c) Electrical hardware configuration : The sensing ele-
ments are encapsulated in a water-tight jacket having
high-dimensional stability and ruggedness to withstand
the vigors of in-roadway mounting. Conventionally,
2-inch-diameter brass tubing having a wall thickness of
3/32 inch is employed.

The electronic packaging follows good military design.
Vacuum-tube designs required a volume of 300-400 in3,
while the later transistorized versions have a volume of
around 100 in3. Good military design of the printed circuit
boards, using glass epoxy material, is a must for moisture
protection.

d) Circuit operation: Fig. 13 shows an early version
of the electronics using vacuum tubes. The design follows
conventional RC amplifier design and is readily traced,
with the following major deviations:

1) use of a logarithmic reduction of the effect of
leakage currents in capacitors, as can be seen in the
C3-Cl connection;

2) use of integration-bypass capacitors C2, C4, and C6,
which also produce the desired sloping frequency response;

3) use of a portion of the normal change in the dc
supply voltage which provides first-order nullification of
effects of heater voltage changes in a single-ended very-
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low-frequency-response amplifier; the eircuitry comprises
C8 and the 10-MQ resistor; the latter being selectable for
specific tubes.

Iig. 14 shows a transistorized version. The transistorizer
equivalents of the tube version are readily seen. Feedback
resistor RX is selectable on assembly to provide uni-
formity of g in in produet units. The sprinkling of 0.01
capacitors are to reduce the magnitude of noise spikes
from the power line and from the input circuit; this will
protect the transistors from overvoltage failures, a very
practical problem in the real-world of transistors and
traffic signals.

Circuit of transistorized magnetic detector.

2) Compensated Magnetic Delector: The compensated
magnetic detector provides a sharply defined field of
coverage which is slightly larger than its physical dimen-
sions at the road surface. This coverage is approximately
63 teet laterallv across the lane, making it suitable for
single-lane detection only. Multiple units may be used to
cover additional lanes and mayv be connected into the
same electronies. The field of influence in the direction of
travel is only a few feet, and from this factor the unit
provides good resolution for closely following vehicles.
As will be more fully explained in Seetion 1V-A2a, the
unit secures its compensated properties by having a narrow
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TABLE 1
DEerecTor EvaLraTIiON
Single-  Single-
Single- Lane Lane Single- First Envi-
Lane Direc-  Cover-  Multi- Lane Cost. Instal- Base ron- Inter- Relia- Power
Count tional age lane Npeed and lation of mental  ference bility Re-
Detector Accu- Prop-  Defini- Cover-  Infor-  Instal- Compli- Mainte- Toler- Toler- and quire-
Type racy erties tion age mation  lation cation nance ance ance Life ment
Pressure G G G S Go* = M G ) G S G
10 10 10 8 jats} 7 7 8 8 10 8 10
Magnetic S NM7* N G M7* G G G G G G G
7 (U 7 9 u7 9 8 8 8 8 9 8
Nagnetometer G G8* G S S9* G G G G G G G
9 U7 9 8 S8 9 8 8 8 8 9 8
Radar S sg* b G G M b} b G G S S
8 M7 8 9 10 7 8 8 Yy 8 8 7
Sonie S hi S S N M S b S G s S
8 7 8 3 8 7 8 8 8 8 8 T
Induction G (8* G G Su* G G G G G G S
loop 4 U7 9 10 hated 9 Y 4 9 8 9 8

Note: G, good, S, satisfactory, M, marginal, U, unsatisfactory.
* Using two units operated in sequence.

field of influence and by the electromechanical arrange-
ment of its elements. These sume properties provide the
unit with a highly directional response such that it can
effectively nullify its output for vehicles traveling over it
in a nonpreferred direction.

The two important features, namely, directional and
compensated, are not of as much importance today as
they were 10 to 25 years ago. The direetional requirement
ix all but gone because of inereased highway width and the
resultant elimination of severe erowding. The eompensa-
tion requirement is gone, us this was needed to protect
against the magnetic flux changes associated with the de
propulsion currents in trolley car rails.

a) Theory of operation: The compensated magnetic
detector can be anulyzed by considering it as two separate
but similar detectors with an approximately 1-foot
longitudinal displacement in the direction of vehicle
travel. The two sections operate from the vertical com-
ponent of the earth’s field. The sensing coils of the two
sections are connected in series opposition, which results
in almost complete cancellation of the output signal,
resulting from u disturbance of flux uniformly acting on
the 1-foot dimensions of the assembly.

The sequence of the output pulses of each section is the
same as deseribed previously for the noncompensated
unit. As the vehicle approaches, the output increases in a
modified exponential manner, reaching a maximum value
as the center of magnetism of the vehicle approaches
within a few inches of the center of the section. The output
falls to zero as the center of magnetizin goes over the
section, a reversed-polarity pulse-decayving exponential,
as the vehiele recedes from the seetion. Examining only
the polarity sequences as a vehiele travels over the two
seetions we have: for the first section, minus-zero-plus;
for the second section, the reverse conneetion gives a
plus-zero-minus sequence. The output of the second
section ix displaced in the direction of travel, or timewise,

such that the “plus” of the first section now adds to the
“plus” of the second section, which occurs while the
magnetic center of the vehicle is moving between the
two sections. This large summed plus pulse produces the
operating pulse in the electronics. While the vehicle is
approaching the total assembly, the relative distances to
the two sections are not too different and the outputs
tend to cancel. For the opposite direction of travel the
sequences of the pulses remain the same for each section,
but the two are added in the reverse section order. Thus
the large output of the assembly, as the vehicle goes
between the two sections, produces a large minus output
which the electronics rejects. This effeet can be enhanced
somewhat if the separation of the sections is increased
at the cost of a larger unit, but a simpler alternate is to
delay with RC networks the output of the downstream
section in the preferred or operating direction.

The hardwuare configuration of the compensated mag-
netic detector is approximately 5 feet laterally across the
roadway, 14 inches in the direction of travel of the vehicle,
and 12 inches down from the surface of the roadway. This
requires extensive foundation and installation procedures.

The electrical design requirements of the compensated
magnetic detector are essentially those of the noncom-
pensated detector previously discussed. This unit operates
into identical electronics. Combinations of many units,
both compensated and noncompensated, may be operated
into one electronic package if the funetional output for
all of the units is identical, for example, one phase of a
vehicle-actuated controlier.

V. ANALYSIS AND SUMMARY OF VEHICLE-DETECTOR
ArprLicaTiON FACTORS

The extreme variations in the environment where
vehicular detectors must operate, the performance and
aceuracies needed, the installation and first costs, plus
many other factors make the selection of any design or
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type of detector extremely subjective. In many cases the
experience of the user may be the most important factor
in deciding the type of unit to be used. Therefore, no
attempt will be made to justify the detector evaluation
summary shown in Table |, except to say that the writer
has been as impartial as possible. The numerals shown in
Table | were an attempt to put a numerical weighting
factor on each of the relative acceptance criteria.. These
factors obviously will be subject to the installation, en-
vironment, and, most importantly, the user’s judgment.
Therefore, they do not necessarily follow the good, satis
factory, marginal, and unsatisfactory classification.

In conclusion, it is hoped that this paper has shown that
there are many embodiments of vehicular detectors based
on many physical phenomena which can satisfactorily be
used. More sophisticated and/or cheaper units will un-
questionably be developed in the next decade if for no
other reason than the fact that the present effort of the
Department of Transportation will be reflected in require-
ments for increased numbers of detectors.
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Future Vehicle Detection Concepts

MILTON K. MILLS, MEMBER, |EEE

Abstract-This paper presents some of the economic and tech-
nical considerations for development of future noncooperative
vehicle-detector systems. Vehicle-detector accuracy requirements,
ingtallation cogt, location, and the roadway environment are used
to develop a set of preferred vehicle detector characterigtics. In
addition, a description of vehicle detectors, considered for develop-
ment by the Bureau of Public Roads, and some of the current
vehicle-detector concepts under development, are presented.

INTRODUCTION

EHICLE-detection systems areessential elements of

more advacned traffic advisory, command and con-
trol systems for improving the efficiency and safety of the
highway network. This paper will present some of the
economic, and technical considerations for development of
future noncooperative (i.e., vehicle does not have active
or passive devire to aid detection) vehicle detector systems
as well asone of the vehicle-detector systems currently
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being developed by the Bureau of Public Roads Some of
the problem areas encountered in the Bureau of Public:
Roads traffic system programs employing off-the-shelf
vehicle detectors are

1) excessive vehicle-detector system hardware cost,.

2) excessive vehicle-detector system installation cost,

3) vehicle-detector accuracy and precision insufficient
t 0 meet the requirements of more advanced traffic-
control systems, and

4) lack of set of environmental specifications of ambient
conditions and external noise levels to guide vehicle-
detector design and evaluation.

OFF-THE-SHELF VEHICLE DETECTORS

Among the various types of off-the-shelf vehicle de-
tectors employed in present traffic-control systems are
treadl es, magnetic detectorsm inductive loop detectors,
continuous wave (CW) and pulsed sonic detectors. and
CW Doppler radar detectors. So single off-the-shelf
vehicle detector produces output dgnds proportional to
vehicle presence (stopped vehicle), passage (moving
vehicle), and speed wherespeed is not computed assuming
a single average length.
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Treadles are installed in the roadway flush with the
pavement surface and provide a closed electrical circuit
when mechanically actuated by the vehicle wheels.
Treadles have been extensively used for controlling park-
ing lot gates and traffic-actuated controllers for traffic
signals. They normally provide an output for each vehicle
axle passing over the treadle. Magnetic detectors of the
flux-gate magnetometer type with a saturable core have a
sensing head installed in the roadway near the pavement
surface and provide an output pulse when the magnetic
material of the vehicle changes the vertical component of
the earth’s magnetic field. Magnetic detectors normally
provide an output pulse due to vehicle passage. A descrip-
tion of the magnetic characteristics of vehicles and opera-
tion of magnetometers is available [1].

Inductive loop detectors employ two or three turns of
no. 14 size wire installed in the roadway in a nominally
six foot square loop which is excited with low-frequency
energy (100 kHz). Eddy currents, induced in the detected
vehicle, decrease the total inductance of the loop which
causes a phase or amplitude shift. The corresponding out-
put pulse provides an indication of vehicle presence or
passage. Pulsed sonic detectors have a sonic reflector
mounted above the roadway in an overhead or sidefire
position and direct sonic energy (20 kHz) at the vehicle.
The pulsed sonic detector senses vehicles at a selected
range by opening a gated receiver only when the reflected
sonie energy, corresponding to the selected range, returns.
Pulxed sonic detectors provide an output pulse for vehicle
presence or passage.

CW sonic detectors have the sonic energy reflector
mounted above the roadway in an overhead or sidefire
position. In addition, the reflector is commonly mounted
at a 45° angle with respect to the vehicle direction of
travel to enhance vehicle speed determination by Doppler
means. The CW sonic detector provides an output pulse
corresponding to vehicle passage, direction and speed. CW
radar detectors have the antenna svstem mounted in a
manner similar to CW sonic detectors. The CW radar
detectors operate at a frequency of 2455 MHz or 10 525
MHz and may provide output pulses corresponding to
vehicle passage. direction, aud speed.

VEHICLE S1ZE RANGE

The vehicle detector should sense all types of vehicles,
from small motoreveles to large truchs. An approximate
vehiele ~ize range [2] is presented in Table L.

VEHICLE DETECTOR ACCTRACY REQUIREMENTS

AModern computer-controlled  trathie systems [3] have
more complex vehicle-detection requirements than those
do for normal traflic-actuated controllers for traffic signals,
for which many off-the-shelf vehicle detectors were de-
signed. One study [4] of the vehicle-detection requirements
for area traffic surveillance and control systems indicated
that two inductive loop detectors must be spaced a large,
impractical distance apart, to measure vehicle speed with
sufficient accuracy.
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TABLE I
Range
Vehicle Size (feet)
Maximum length 548
Aaximum width 2-8
Maximum height 4-12
Wheel base 3—43
Axle height 1.2-2
TABLE II
Traffic Tolerance
Parameter 959, of the time

Passage (function
of vehicle speed
and length)

Less than 2 percent error for 90 percent
of the time

Direction Zero error for Passing Aid System (PAS) I
program

Presence (stopped Less than 2 percent error for 90 percent

vehicle) of the time

Spot speed 5 percent error

Acceleration 5 percent error

Vehicle length 5 percent error

Headway 5 percent error

Density Less than 5 percent error for 90 percent
of the time

Volume 5 percent error

Queue length
Space occupancy

5 percent error
5 percent of space occupied

TABLE III

Total Estimated

Approximate Installation Cost

Number of (4 Detectors Per

Signalized Intersection)
City Intersections (million<)

Los Angeles, Calif. 3000 3.6
Baltimore, Md. 1036 1.2
Buffalo, N. Y 388 0.7
Washington, D). C. 300 10
Toronto, Ont., Canada 1000 1.2

Another study [5] of the vehicle-detector accuracy re-
quirements for traffic programs being conducted by the
Bureau of PPublic Roads resulted in some of the vehicle-
detector acceuracy requirements presented in Table TII.
Since off-the-shelf vehicle detectors do not satisfy the
aceuracy requirements for all of the traffic programs being
conducted by the Bureau of Public Reads and detector
hardware and instullation costs can consume up to >0
percent of the costs of an advanced traffic control system,
the most important single factor in determining the feasi-
bility of a wvehicle detector system is economic, not
technical.

VericLE DETECTOR InsTALLATION COST

The importance of a vehicle detector system which can
be economically installed is illustrated in Table III,
which assumes an estimated installation cost of 300 dollars
per detector. The cost of the vehicle detector itself is not
included. Four vehicle detectors per intersection is ex-
pected to be a conservative estimate of the number re-
quired for urban traffic control. An example of vehicle
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TABLE IV

Vehicle Detector

Type Installation Method

Installation Cost Detector Hard-
Per Detector ware Costs
(dollars) (dollars)

Installation
Time

Inductive loop
gauge wire installed in a rec-
tangular slot 3/16 in wide by
5/8 - 1 3/4 in deep cut into the
pavement surface. Loop size
from 4 by 4 to 8 by 100 ft
with 750-ft maximum lead in
length.

Magnetic (flux gate

2-in diameter by 8-9 in deep hole
magnetometer) i

in pavement surface with 100-
ft nominal lead in length.

Mounted flush with road surface
in 2-in by 19-in dot or did into
a 2-in diameter nonmetallic
conduit in a bored hole from
roadside not more than 12 in
below the pavement surface.

Installed flush with the road sur-
face in a 7-ft by 14-in by 8 1/2-in
excavated trench sealed with
concrete.

Magnetic (other)

Treadle

Sonic and radar
or sidefire position.

1-4 turns of insulated no. 14 2-4 hours

Mounted on a pole in overhead 2 hours, if pole

384 175

3-4 holes/hour 234 175

4-12 hours 200-300 200

2-3 days 624 250

100-700 500

exists

detector system costs is the Passing Aid System (PAS II)
program [6] of the Bureau of Public Roads which will in-
strument a G-mile length of roadway in Maine with 400
nodes of 4 inductive loop detectors each for a total of
1600 inductive loop detectors. The estimated PAS Il
vehicle detector system costs in dollars as follows:

175 000
235 000

1) inductive loop detector station hardware
2) installation of detector station housing.
power, signal cables, and station hardware
3) procurement, and installation of loop and 101 000
lead-in to roadside
4) power connection. 10 000

total 521000

Table 1V presents a description of installation data
and costs of current vehicle-detection systems. Some of
these data were obtained from [T].

At the present time no knowninstallation method for
off-the-shelf vehicle detectors offers asignificant reduction
in installation cost. Future vehicle detectors should be
designed so that their installation is economical and that
they can be installed quickly to minimize interruption to
traffic flow. The vehicle-detector location has a significant
effect in determining installation costs, as can be seen
from the wide cost spread for installation of sonic or
radar detectors in Table IV.

One method of indirectly redwing installation costs is
to reduce the number of required vehicle detectors in
traffic applpications requiring vehicle speed. Vehicle speed
is commonly determined by using two detectors spared a
known distance apart, or from a single detector by calculat-
ing vehicle speed from the length of the detector pulse.
It is assumed that al vehicles have length of approximatel3
17.i feet. The accuracy of the latter method may not be

sufficient’” for all traffic applications because of the wide
range of vehicle lengths presented in Table I. A more ac-
curate method of determining vehicle speed from a single
detector is to use vehicle Doppler information. Another
method of determining vehicle speed from a single detector
is to calculate vehicle speed from the transducer output
pulse-rise time assuming a simular pulse shape for all
vehicle types. The accuracy of the latter method has not
been determined.

VEHICLE DETECTOR LOCATION

Off-the-shelf vehicle detectors are usually installed in
one of three positions (i.e., in the pavement, sidefire, or
overhead). For multilane vehicle detection requirements,
the detector is installed either over the lane or in the lane
near the pavement surface in order to obtain an unob-
structed view of the vehicle being detected. Vehicle de-
tectors which are installed in the roadway near the pave-
ment surface are preferable for multilane applications
for the following reasons:

1) certaintypes of vehicle detectorscan be installed in
the roadway more cheaply than a mechanically
stable overhead mounting structure can be fabri-
cated and installed.

2) structural supports for overhead mounting could

create a safety hazard, and

overhead structures are not permitted in some areas

because of detraction from scenic beauty.

3

Off-the-shelf vehicle detectors which are installed in the
roadway are treadles, magnetic detectors, and inductive
loop detectors; the latter is presently the most widely
employed vehicle detector in current Bureau of Public
Roads’ traffic systems programs. To develop a reliable
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vehicle detector for installation in the roadway, detailed
knowledge of the expected roadway environment is neces-
sary.

Roabpwiy ENVIRONMENT

A vehicle-detector sensing head installed in the roadway
near the pavement surface is subjected to a wide range of
environmental conditions. For this reason a detector
sensing head which contains only passive components ap-
pears desirable for roadway installation. Since a set of
environmental standards to assure reliable operation of
electronic equipment installed in the roadway isx currently
unavailable, the range of environmental conditions pre-
sented in Table V i~ proposed by the author.

A vehicle-detector system, which will operate reliably
to sense vehicles when the detector sensing head is paved
over with asphalt, is desirable to reduce reinstallation
costs. The detector sensing head should also be mechani-
cally designed to withstand snowplows, spiked tires. tires
with chains, and roadway vibration caused by pussing
vehicles. Mualfunctions during extreme environmental
conditions should be sensed by the system.

Frrere VesicLE DETECTOR SysTEM CHARACTERISTICS

In summary, the requirements of future noncooperative
vehicle-detector systems suitable for deplovment in large
numbers are the following:

1) installation in pavement such that the detector is
not damaged by snowplows, vehicles with spiked
tires, or chains, and vibration;

2) mechanical configuration, allowing rapid and econo-
mical installation and maintenance;

3) economical detector system hardware;

4) detection of stopped vehicles (presence), detection
of passing vehicles (measure of vehicle speed) over
a speed range of 0 to SO mi‘h, determination of
vehicle speed over a speed range of 0 to 80 mi-h,
determination of vehicle direction;

3) vehicle presence. passage, speed. and direction
from a single-detector unit;

6) detection zone covering only one lane width (i.e.,
not sensitive to vehicles in adjacent lanes);

7) detection of different types of vehicles (i.e., motor-
cyeles, cars, trucks, ete.);

8) separation of closely following vehicles;

9) less than 2 percent error for 90 percent of the time,

reliable operation under all roadway environmental

conditions;

adequate signal-to-noise ratio for operation in an

urban noise environment; and

life expectancy greater than four vears.

11)
12)

VEnicLE DETECTORS CONSIDERED FOR DEVELOPMENT

A systems anulvsis [8] of vehicle detection techniques
was conducted for the Bureau of Public Roads and resulted
in the selection of three vehicle-sensing techniques con-
sidered promising for development. One concept is an
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TABLE V

—40°F to 170°F

0 to 100 percent

9 inches maximum
6 inches maximum
1 inch maximum

1 inch maximum

1 inch maximum
75 inch maximum
not estimated.

Temperature range

Humidity

Snow depth

Snow-ice mixture depth

Ice depth

Water depth

Noil depth

(irease—oil depth

Vibration level and frequency

induction coil detector which senses electrical noise gen-
erated by the vehicle electrical system (i.e., ignition, gen-
erator—alternator, regulator, ete.) IFig. 1 presents a dia-
gram of thix type of detector. The characteristics of a
typical sensing coil installed in the roadway near the pave-
ment surface are the following:

7.9 mH

single layer, elose wound
3.25 inches

2 inch

Mumetal (laminated).

inductance
winding

core length
core diameter
core material

The sensing coil-output voltage is amplified (gain of
200), filtered (20 kHz with 3-dB bandwidth of 3 kHz),
and rectified by a full wave rectifier. When the rectifier-
output voltage exceeds a preset threshold. a digital output
15 provided.

Fig. 2 illustrates a typical signal measured with a
storage oscilloscope at the sensing coil output during
vehicle passage.

Although the induction coil detector i~ <simple. econom-
ical, and relatively easy to install (i.e.. requires a hole
and a slot to each side of roadway), the detector should
not be sensitive to external electrical noise generated by
neon lights, industrial machines, vehieles in undesired
locations, ete. However, the detector should be sensitive
to all tvpes of vehicles including vehicles which contain
mobile (two-way) radio equipment (i.e.. emergency, law
enforcement, and commercial vehicles in addition to
vehicles containing citizen band, and amateur equipment).
Vehicles with mobile radio equipment commonly employ
noise-suppression techniques to prevent electrical inter-
ference to the wvehicle’s radio equipment. The induction
coil detector will also detect the front or engine compart-
ment of some vehicles while detecting the rear of vehicles
with rear mounted engines. In addition. limited measure-
ments [9] indicated a marginal signal-to-noise ratio of
about 2:1 with the vehicle engine compartment one foot
from the sensing coil. Because of the marginal signal-to-
noise ratio, the induction coil detector was not selected
for further development by the Bureau of Public Roads.

Another vehicle detector concept, which appeared
promising for further development, used a field asymmetry
sensing technique (IFAST) [10]. The FAST detector em-
ploys two coils with orthogonal axes spaced approximately
2.5 feet apart. The two coils are installed in the roadway
near the pavement surface. Vehicle detection measure-
ments were conducted using two coils with the following
characteristies:
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Fig. 3. Fast detector operation.
inductance S mH
winding 440 turns of no. 34 AWG

core length 3 inches

core diameter 2 inch
core material Mumetal
resistance 18 ohms.

Fig. 3 is a diagram of the FAST detector. The transmit-
ting coil operates at a frequency of 15 kHz and the amplifier
voltage gain is 500. Eddy currents induced in the approxi-
mately flat vehicle undercarriage modify the magnetie
field of the transmitting coil which results in energy being
coupled into the receiving coil.

Fig. 4 illustrates the vehicle under-carriage simulated
by an infinite conducting plane, which produces an
image coil in the position shown. Since the primary
transmitting coil induces zero voltage in the orthogonal
receiving coil. the induced voltage in the receiving coil is
produced only by the r component of the magnetic field
produced by the image coil. Neglecting ground eurrents,
the magnetic field components [11] for a small magnetic
dipole are the following:

de = (m/Am)Gk/r + 1702 sin 8 exp (—thr)]
H, = (m/20)[(ik 1?4+ 1/1%) cos 8 exp (—~ikr)]

Hy = (m/Ax)[(=k v + k)12 + 1/ sin 6 exp (—ikr))

47

z IMAGE COIL PARALLEL

INFINITE
CONDUCTING
PLANE

" /

RECEIVING COIL PARALLEL
TO YZ PLANE

X

TRANSMITTING COIL
IN XY PLANE

Fig. 4. Simulated vehicle undercarriage.

Fig. 5. Coordinate system.

where & = w(ue)V’%, and m is the dipole moment (xIa? for
a single-turn loop of radius a).

The coordinate system is illustrated in Iig. 5. For small
Lr which is applicable to a frequency of 15 kHz.

Ay = (in/4wr?) sin 6
H. = (m/27r®) cos 6
Hy = (m/4m3) sin 6.

[

The components of the magnetic field in the sz plane are
the following:

H. = (m/4n7r¥)(3 cos2 8 — 1)

H: = (3m/47r®) sin 8 cos 6.

The optimum coil spacing for an assumed average
vehicle height A is determined by differentiating the z
component of the magnetic field produced by the image
coil and finding the maximum value. Using the coordinate
svstem of Fig. 5 and assuming a constant value of d:

B 3mrd
T 4 [ + /)P

letting u = r/d

~ 3m [ u :I
T 4rd® (1w

The maximum value of Hr oceurs at w = 1/2 or »/d =
r/2h = 1/2. For coils near the roadway surface the opti-
mum coil spacing » is equal to the average vehicle under
carriuge height. A commercially available vehicle sensor
[12] which employves two orthogonal sensing coils excited
at a frequency of 50-100 kHz has a diameter of 8.5 cm,
a length of 65 ¢m, und an approximate coil spacing of 50
cm.
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Since the two coils of a IFAST vehicle detector must be
mechanically stable, a structure or bar isx required be-
tween the two coils for mechanical stability to prevent
coil uxix rotation which will couple the z component of
the magnetic field from the transmitting coil into the
receiving coil. The FAST vehicle detector was not se-
lected for development by the Bureau of Public Roads
because of the mechanical stability requirements and
unattractive installation configuration (i.e.. a slot greater
than 0.25 inch wide).

FrTvre VEHICLE DETECTOR DEVELOPMENT

As part of its research and development programs, the
Bureau of Public Roads is currently evaluating the char-
acteristics and possible advantages of a radio frequency
(RF) type vehicle detector. The present design for the
detector provides a response to vehicle passage. An en-
gineering model [13] of this detector ix presently being
developed under contract FH-11-6973 for the Bureau of
Public Roals.

A diagram of the vehicle detector is presented in Fig, 6.
The detector consists of u eylindrical sensing head which
is installed flush with the roadway surface in a three
inch diameter by four inch deep hole. The sensing head
contains a transistor RF oscillator, operating at 915
MHz, RTF power divider, cavity-backed antenna element.
detector-mixer diode and low-noise high-gain operational
amplifier. The output from the operational amplifier is
connected by a cable to roadside equipment containing a
signal amplifier stage. voltage level detection circuit, and
power supply.
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Fig. 7 illustrates the output from the sensing head
during vehicle passage. A sharp change in received signal
level amplitude occurs as the vehicle approaches the
sensing head because of the improved radar cross section
presented by the approximately flat vehicle undercarriage.
This sharp change in received signal level is very advanta-
geous in diseriminating between closely following vehicles,
and appears to be one of the significant characteristics of
an RF-tvpe vehicle sensor installed in the roadway.

The required antenna-element size is the major factor
in determining minimum-sensing head diameter. A two-
arm log spiral-antenna element (2.625-inch diameter by
0.75-inch deep cavity) is used in the initial model of the RF
detector. Since a spiral antenna in the sum mode requires
a maximum cavity diameter d of d = \/7, and a eavity
depth of A/4, where X is the wavelength corresponding to
the lowest operating frequency, the spiral arms were
loaded with a resistive card to lower the antenna @ and
efficiency because of the smaller than normal cavity di-
mensions.

The sensing-head antenna element should provide suffi-
cient directivity to discriminate against vehicles in adja-
cent lanes and have a physical size and shape suitable for
economical installation. Although the 3-dB antenna ele-
ment beamwidth for optimum vehicle detection charac-
teristics has not been experimentally determined, an
estimated 3-dB antenna element beamwidth between 50°
to 70° should provide acceptable vehicle-detector per-
formance.,

The optimum frequency of operation has not been estab-
lished ; however, the highest frequency of operation will
be limited by component cost, frequeney allocation, anl
the worst case roadway environment for which the detector
is expected to operate satisfactorily. Recent measurements
using the previously mentioned antenna element operating
at a frequency of 2455 MHz indicate improved vehicle-
detection sensitivity over that observed at 915 MHz; it
is expected that the final engineering model will operate
at 2455 MHz., Effects of snow. ice, grease, oil, tar, soil
on antenna performance for different operating frequencies,
and antenna-element polarizations are presently unknown
when the previously mentioned materials are in the near
field of the antenna where the normal assumption of a
plane-wave front ix no longer valid.

RF-VenicLE DETECTOR CHARACTERISTICS

The significant characteristics of the RF-vehicle detec-

tor under development are the following:

1) sensing head enclored in weather proof sleeve,
mechanicallv  designed to withstand the loading
caused by passing vehieles,

2) sensing-head installation costs similar to those for
off-the-shelf magnetic detectors having similar ~ize
and shape,

3) ability to differentinte between different types of
vehicles in detection zone,
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4) ability to separate closely following vehicles,

5 capable of operation over a temperature range of
-40°F to +71°F, not subjected to other environ-
mental conditions, and

6) vehicle presence, passage, speed, and direction from
a single-detection unit may be possible.

FUTURE IN-HOUSE VeEHIcLED ETECTOR DEVELOPMENT

Another RF-vehicle detection concept is being developed
by the author for the Bureau of Public Roads. A problem
with RF-vehicle detectors which are installed in the
roadway is providing a detection zone which is uniform
over the lane width and zero outside of the lane boundary.
For example, the radar scattering cross section of a large
truck in an adjacent lane is much larger than the radar
scattering cross section of a motorcycle in the desired lane
near the lane boundary. A vehicle-detector concept,
using an antenna element (half wave dipole approximately
equal to lane width) installed in a slot across the lane, is
being investigated. The presence of a vehicle is expected
to interact with the near field of the antenna element re-
sulting in a detectable antenna-input impedcnce change.
This type of RF-vehicle detector is expected to be easy
to install and have a better defined detection zone.

SUMMARY

This paper presented some of the desirable design and
performance characteristics for future vehicle-detector
systems. Future research is required to obtain a more de-
tailed definition of the traffic parameter-accuracy require-
ments. detector-stability requirements, and roadw ay
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environmental conditions. The development of a vehicle-
detector system which is economical to instal and main-
tain is of mgor importance in determining the economic
feasibility of traffic system programs requiring large num-
bers of detectors. The detector concepts presented in thr
paper represents an attempt to solve some of the problems
associated with off-the-shelf vehicle detectors.
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